A review of recent determinations of the composition and surface pressure of the atmos- phere of mars by Cann, M. W. P. et al.
N A S A  C O N T R A C T O R  
R E P O R T  
A REVIEW OF RECENT DETERMINATIONS OF 
THE COMPOSITION AND SURFACE PRESSURE 
OF THE ATMOSPHERE OF MARS 
4 
by M .  W. P. Cann, W. 0. Davies, I J. A. Greenpan, and 7'. C. Owen 
k,: 
I .  
C .  . .. 
.~ " , , .1 
Prepared under Contract No. NAS 5-9037 by 
-?  _. . .  
. ,I, - ,  " 
CH INSTITUTE 





A REVIEW O F  RECENT DETERMINATIONS O F  THE COMPOSITION 
AND SURFACE PRESSURE OF THE ATMOSPHERE OF MARS 
By M. W. P. Cann, W. 0. Davies, 
J. A. Greenspan, and T .  C .  Owen 
Distribution of this  report is provided  in  the  interest of 
information exchange. Responsibility for the contents 
resides i n  the author or organization that prepared it. 
Prepared  under  Contract No. NAS 5-9037 by 
IIT RESEARCH INSTITUTE 
Chicago,  Ill. 
for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sale by the Clearinghouse for Federal Scientific and Technical Information 




This s t u d y  w a s  u n d e r t a k e n  i n  r e s p o n s e  t o  a NASA r e q u e s t  
f o r  a n  e v a l u a t i o n  o f  the e x p e r i m e n t a l  d a t a  a n d  t h e o r e t i c a l  
ana lyses  on  which c u r r e n t  estimates o f  the M a r t i a n  s u r f a c e  
p r e s s u r e  are based. A prev ious  NASA-sponsored review of  th i s  
same s u b j e c t  has been  prepared by Chamberlain  and  Hunten. We 
have  been  ab le  to  inc l .ude  a d i s c u s s i o n  of  several r e c e n t  p a p e r s  
which were n o t  a v a i l a b l e  a t  the time of  the Chamberlain-Hunten 
r epor t  and  have i n v e s t i g a t e d  some of t h e  s u b j e c t s  common t o  
b o t h   s t u d i e s   i n  somewhat g r e a t e r   d e t a i ' l .  Some top ic s   have  
been well-covered by Chamberlain and Hunten and are  consequent ly  
c o n s i d e r e d  o n l y  b r i e f l y  ( o r  omi t t ed )  here,  
The   p re sen t   r epor t  was w r i t t e n  i n  two s t a g e s .  The pre-  
l i m i n a r y  d r a f t  i n c l u d e d  much of  the n ,umer ica l  work  tha t  led  to  
the r e s u l t s  r e p o r t e d  i n  t h i s  ve r s ion .   Subsequen t   t o  i t s  com- 
p l e t i o n ,  a v i s i t  t o  Do l l fus  was a r r anged  wh ich  l ed  to  a sub- 
s t a n t i a ?  r e v i s i o n  of ou r  review of h i s  work. The p re l imina ry  
r e p o r t  w a s  submitt .ed t o  t h e  f o l l o w i n g  c o n s u l t a n t s  f o r  review: 
Drs. J .  W, Chamberlain  and D o  M. Hunten ( K i t t .  Peak Nat ional  
Observa tory) ,  D r ,  J. Strong  (Johns  Hopkins  Universi t .y) ,  D r .  S .  
L o  Hess ( F l o r i d a  S t a t e  U n i v e r s i t y ) ,  D r .  KO Lo Goulson  (General 
Electric Go.), and D r .  W. S o  Benedict   (Johns  Hopkins  Universi ty) .  
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I ". 
The  comments o f  these c o n s u l t a n t s  h a v e  b e e n  m o s t  h e l p f u l  i n  
p repa r ing  the f i n a l  v e r s i o n  o f  t h i s  r e p o r t  a n d  i t  i s  a p l e a s u r e  
t o  acknowledge t he i r  a s s i s t a n c e ,  Their c r i t i c i s m s   h a v e   l e d , i n  
some i n s t a n c e s , t o  a l t e r a t i o n s  i n  the pre l iminary  manuscr ip t ,  
while i n  o t h e r  c a s e s  w e  h a v e  i n c l u d e d  s p e c i f i c  ( r e f e r e n c e d )  
comments b e c a u s e  o f  t h e  i n s i g h t  t h e y  f u r n i s h  o n  p a r t i c u l a r  
p o i n t s ,  The v iews   expres sed   i n  t h i s  f i n a l  v e r s i o n  do n o t  
n e c e s s a r i l y  r e p r e s e n t  a consensus  of  the l i s t e d  c o n s u l t a n t s ,  
h o w e v e r ,  s i n c e  d i f f e r e n t  p a r t s  o f  the r e p o r t  r e c e i v e d  more 
a t t e n t i o n  by some rev iewers  than  by o t h e r s .  
We w o u l d  a l s o  l i k e  t o  e x p r e s s  o u r  t h a n k s  t o  t h e  
s c i e n t i s t s  whom w e  h a v e  c o n t a c t e d  i n  the cour se  o f  ou r  review: 
Dol l fus ,   Focas ,  Goody, Hanst,   Inn,   Kaplan,  Kuiper,   Mhch,  Rank, 
S in ton ,   and   Spinrad ,  Their p a t i e n c e   a n d   w i l l i n g n e s s   t o   d i s c u s s  
t he i r  work i s  g ra t e fu l ly   acknowledged .   Pa r t i cu la r   t hanks  are  
due to  Dol l fus ,  Kaplan ,  and  Rank f o r  t h e i r  h o s p i t a l i t y  a n d  
generous  donat ion  of  t i m e  du r ing  the c o u r s e  o f  p e r s o n a l  v i s i t s .  
We are  i n d e b t e d  t o  Miss P C  B r u n s t i n g  f o r  h e r  v a l u a b l e  
a s s i s t a n c e  i n  t h e  p r e p a r a t i o n  o f  t he  manusc r ip t ,  
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ABSTRACT 
This  study  presents  a  review of recent  determinations 
of the  Martian  surface  pressure. A brief  historical  survey of 
the  subject  is  presented  in  the  introduction.  The  polarimetric 
work of Dollfus  is  discussed  in  Section 2 and  a  new  value of
the  surface  pressure ( 6 3  mb)  is  derived  from  his  data  making 
use of more  recent  photometric  data  and of a  new  treatment of 
the  angular  dependence of  the  planetary  surface  brightness. A 
photometric  argument  presented  by  Musman  is  also  discussed,  and 
the  general  effects  of  aerosols  and  various  mixtures  of  gases 
on the  pressure  estimates  are  investigated. It is  shown  that 
these  lead  to a  range of pressures  depending on the  assumptions 
made,  and  that  this  method  of  pressure  determination  consequently 
leads  to  indeterminate  results. 
Section 3 reviews  the  spectroscopic  work of Kaplan, 
Mgnch, and  Spinrad;  Owen  and  Kuiper;  Hanst  and  Swan;  and  Moroz. 
A value  of 45 + u 25 m-atm for  the  Martian C02  abundance is 
derived  from  these  papers,  corresponding  to a  mean  Martian  atmo- 
spheric  temperature of 200°K.  Using  this  abundance,  the  various 
methods  used by  the  different  authors  for  estimating  the  surface 
pressure  are  reviewed,  leading  to  surface  pressures  ranging 
from 13 to 33 mb with relative  errors on the  order of 
V 
+ - 90%. The l a r g e  u n c e r t a i n t y  i s  p r i m a r i l y  a r e s u l t  o f  t h e  
f ac t  tha t  t he  abundance  de te rmina t ion  rests on the measurement 
o f  t h r e e  weak l i n e s  i n  a s ing le  spec t rog ram.  
A summary o f  t h e  r e p o r t  a n d  i t s  f i n a l  c o n c l u s i o n s  a r e  
p r e s e n t e d   i n   S e c t i o n  4 .  A c o l l e c t i o n   o f   a p p e n d i c e s   f o l l o w s   t h e  
concluding  sec t ion  and  i s  d e s i g n a t e d  a s  P a r t  I1 o f  t h e  r e p o r t .  
The append ices  con ta in  some o f  t h e  c a l c u l a t i o n s  s u p p o r t i n g  t h e  
resu l t s  p r e s e n t e d  i n  P a r t  I a s  w e l l  as e l a b o r a t i o n s  o f  c e r t a i n  
t o p i c s  w h i c h  a r e  o n l y  b r i e f l y  t r e a t e d  i n  P a r t  I. 
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1. INTRODUCTION 
The s p e c i f i c  p r o b l e m  which i s  c o n s i d e r e d  i n  th i s  r e p o r t  
i s  the apparent  incons is tency  be tween the v a l u e  o f  the s u r f a c e  
p r e s s u r e  o f  the Mart ian atmosphere which has been determined 
f rom pho tomet r i c  and  po la r ime t r i c  s tud ie s  (85 mb) and  the  
f i g u r e s  d e r i v e d  from r e c e n t  s p e c t r o s c o p i c  o b s e r v a t i o n s  (10-40 
mb) ,   Th i s   i ncons i s t ency   has   been   pa r t i cu la r ly   d i s tu rb ing  t o  
t h o s e  r e s p o n s i b l e  f o r  t h e  d e s i g n  of  s p a c e c r a f t  o r  c a p s u l e s  
which would b e  u s e d  i n  a n  a t t e m p t  t o  r e a c h  t h e  s u r f a c e  o f  the 
p l a n e t , s i n c e  the r a n g e  i n  s u r f a c e  p r e s s u r e  c o v e r e d  by t h i s  un- 
ce r t a in ty  wou ld  have  a d e f i n i t e  i n f l u e n c e  on the aerodynamic 
d e s i g n   o f  the e n t e r i n g   v e h i c . l e .  It i s  pe rhaps   wor thwhi l e   t o  
p r e s e n t  a b r i e f  c h r o n o l o g i c a l  summary o f  t h e  v a r i o u s  o b s e r v a t i o n s  
a n d  i n t e r p r e t a t i o n s  which have l e d  t o  the c u r r e n t  c o n t r o v e r s y ,  
The v a l u e  of the s u r f a c e  p r e s s u r e  w h i c h  has been 
g e n e r a l l y  a c c e p t e d  i s  85 mb, a number  which res ts  pr imar i ly  on  
p o l a r i m e t r i c   o b s e r v a t i o n s  made by A .  D o l l f u s ,  The p r i n c i p a l  
r e a s o n  f o r  t h e  a c c e p t a n c e  of t h i s  number a p p e a r s  i n  r e t r o s p e c t  
t o  have been the small p r o b a b l e  e r r o r  (2 4 mb) a s s i g n e d  t o  i t  
by de Vaucouleurs' i .n a book which has  been widely read by 
t h o s e  i n t e r e s t e d  i n  M a r t i a n  p r o b l e m s .  T h i s  p r o b a b l e  e r r o r  w a s  
based on the appa ren t  cons i s t ency  o f  fou r  s emi - independen t  
methods used by Dollfus t o  d e t e r m i n e  t h e  r a t i o  of  t h e  
atmospheric  to  surface  brightness on Mars.  Additional  grounds 
for  supporting  this  value  were  provided  by  its  near  agreement 
with  results  obtained  photometrically by  de  Vaucouleurs  himself. 
The  previous  discovery of C 0 2  in the  atmosphere of the 
planet  in  1947  by  Kuiper7  was  not  in  any  way  contradictory  to 
this  result.  Kuiper  interpreted  his  observations  with  the  help 
of a  curve o f  growth  of  the  telluric C 0 2  bands  and  derived  a 
Martian C 0 2  abundance  of 4.4 m-atm.  Grandjean  and  Goody 
pointed  out  that  the  amount of C 0 2  in  the  Martian  atmosphere 
implied  by  Kuiper's  observations  required  a  consideration of 
the  pressure  difference  between  the  Earth's  atmosphere  and  that 
of  Mars, but  they  relied  on  a  Martian  surface  pressure of 
roughly 100 mb  for  their  interpretation  (although  they  included 
calculations  for 50 mb  and 150 mb  as  well). They  derived  a 
value  of 30 m-atm for  the  Martian C02 abundance  using  the 100 mb 
surface  pressure. 
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Kuiper7  pointed  out  that  the  presence of small  particles 
in  the  Martian  atmosphere, which  would  act  as  Rayleigh  scatterers 
at  the  wavelengths  at  which  Dollfus  made  his  observations, 
would  mean  that  the  atmospheric  pressure  derived  from  the 
polarimetric  observations  would  be  an  upper  limit. He suggested 
that  the  "blue  haze''  (a well  known  Martian  atmospheric  phenomenon) 
might be caused  by  such  particles. The  effect  of  scattering 
particles  in  reducing  the  surface  pressure  estimate  was  also 
pointed  out  by Goody' and  by Dollfus  himself 596 . It is  important 
to  note  that  in  the  published  version of his  doctoral  thesis 
2 
which appeared a f t e r  the book by  de  Vaucouleurs l  re fe r red  to  
ea r l i e r ,  Dollfus '  s ta tes  tha t  h i s  'Ic de te rmina t ion   on ly  
e s t a b l i s h e s  o r d e r s  o f  m a g n i t u d e "  a n d  he assigned no probable  
e r r o r  t o  the v a l u e  o f  90 mb which he der ived  f rom h is  o b s e r v a t i o n s .  
In  1963,  Spinrad ,  M;nch, and Kaplan'' ob ta ined  a 
spec t rum o f  Mars i n  the p h o t o g r a p h i c  i n f r a r e d  t o  t e s t  f o r  the 
presence   o f   Doppler   sh i f ted  water v a p o r  l i n e s .  The a t t empt  
w a s  s u c c e s s f u l  a n d  l e d  t o  the a d d i t i o n a l  d i s c o v e r y  o f  three 
r o t a t i o n a l  l i n e s  i n  t h e  5U3 band  of  C 0 2 1 1 .  The presence   o f  
these l ines  imp l - i ed  a much h ighe r  C 0 2  abundance  in  the Mart ian 
atmosphere  than  had  previously  been  assumed. The o r i g i n a l  ob- 
s e r v a t i o n  by Kuiper had been made f u r t h e r  i n  t h e  i n f r a r e d  w h e r e  
the much s t ronger   bands  a t  1 , 6 ~  and 2 . 0 6 ~  were de ' tected.  The 
l a r g e r  C 0 2  abundance of 55 + - 20 m - a t m  deduced by Kaplan, MEnch, 
and  Spinrad ' ' ,wi th  the  he lp  of  labora tory  da ta  suppl ied  by  Rank 
e t  a l e  I*, impl ied  t ha t  a smaller p r e s s u r e  t h a n  99 mb would be 
adequate  to  produce  the o b s e r v e d  i n t e n s i t i e s  of  t h e  l C 6 k  a n d  
2 . 0 6 ~  b a n d s .  The s u r f a c e   p r e s s u r e   d e r i v e d  by t h e s e   a u t h o r s  
was 2 5  + - 15 mb. The u n c e r t a i n t y  was a t t r i b u t e d   p r i m a r i l y   t o  
the e r r o r  i n  m e a s u r i n g  t h e  e x t r e m e l y  weak i n t e n s i t i e s  o f  t h e  
5U3 r o t a t i o n a l  l i n e s  on the  s ing le  p l a t e  wh ich  had  been  ob ta ined .  
An i n d e p e n d e n t  c a l i b r a t i o n  o f  t h e  M a r t i a n  5U3 l i n e s  
made by Owen13 (from a p r i n t  o f  t h e  p l a t e  o b t a i n e d  by Kaplan 
e t  a l e )  l e d  t o  a v a l u e  of 4 6  +, 2 0  m - a t m  f o r  the C 0 2  abundance 
assuming a Mar t ian   a tmospher ic   t empera ture   o f  200'K. This i s  
i n  good agreement with the f i g u r e  o f  50 2 18 m - a t m  which 
3 
Kaplan, Miinch, and  Spinrad  obta ined  for  t h i s  same tempera ture  
( t h e  v a l u e  of 55 m - a t m  corresponds t o  a tempera ture  of  230'K). 
Us ing  th i s  va lue  and  Kuiper '  s14 new o b s e r v a t i o n s  o f  t h e  i n t e n -  
s i t i es  of  the  Mar t ian  bands  a t  1 . 6 ~ ~  Owen and KuiperI5 der ived 
a s u r f a c e   p r e s s u r e  of 1 7  - + 9 mb on t h e   b a s i s  of d i r e c t  cam- 
p a r i s o n s  w i t h  i n t e n s i t i e s  o f  t h e s e  same bands  obse rved  in  the  
l a b o r a t o r y  w i t h  a mul t ip l e -pa th  abso rp t ion  tube .  
V. Moroz16 h a s  a l s o  o b s e r v e d  t h e  1.611. and 2.061~. C 0 2  
bands in   t he   Mar t i an   spec t rum.  H e  used   the   cor responding  
t e l l u r i c  b a n d s  t o  g e t  a band s t r e n g t h  f o r  t h e  o b s e r v e d  i n t e n -  
s i t i es  and then employed an Elsasser model f o r  t h e  b a n d s  t o  
o b t a i n  r e l a t i o n s  b e t w e e n  t h e  C02 abundance and surface pressure 
on Mars. Using  the  abundance  der ived by  Kaplan, Mcnch, and 
Spinrad", Moroz d e r i v e d  a s u r f a c e   p r e s s u r e   o f  15 +I5 -5 mb. 
Most r ecen t ly ,  Hans t  and  Swan17 have  rede termined  the  
a b s o r p t i o n  i n t e n s i t y  o f  t h e  593 band i n  t h e  l a b o r a t o r y  a n d  o b -  
t a i n e d  r e s u l t s  w h i c h  are v e r y  d i f f e r e n t  f r o m  t h o s e  of Rank 
e t  a l .  o r  Owen. They a p p l i e d  t h i s  new v a l u e  t o  t h e  m e a s u r e s  
o f  t he  equ iva len t  w id ths  of t h e  l i n e s  o b s e r v e d  i n  t h e  s p e c t r u m  
of Mars by Kaplan e t  a l .  and  der ived  a C02 abundance of 
28 + - 13 m - a t m  (TM = 230°K). This value was then  used  in  con-  
j u n c t i o n  w i t h  o n e  of t h e  t h r e e  a n a l y s e s  of s t r o n g  band d a t a  
p r e s e n t e d  by Kaplan e t  a l .  t o  d e r i v e  a s u r f a c e  p r e s s u r e  of  
53 2 29 mb. 
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Even u s i n g  t h e  v a l u e s  of Hanst and Swan, t h e  s p e c t r o -  
g r a p h i c  r e s u l t s  are c o n s i s t e n t  i n  s u g g e s t i n g  tha t  the p r e s s u r e  
i s  lower than the 85 o r  90 mb de r ived  f rom po la r ime t r i c  obse r -  
v a t i o n s .  This has l e d  t o  renewed i n t e r e s t  i n  the r o l e  p l a y e d  
by   pa r t i c l e s   suspended   i n   t he   Mar t i an   a tmosphe re .   Ku ipe r  
has r e p e a t e d  h i s  ear l ier  sugges t ion  tha t  the b lue  haze p a r t i c l e s  
a d d  t o  the a t m o s p h e r i c  s c a t t e r i n g  a n d  has sugges ted  t ha t  the 
d i f f e r e n c e  i n  the Mart ian albedo bet .ween the UV and the v i s i b l e  
impl ies  an  upper  l i m i t  t o  t h e  s u r f a c e  p r e s s u r e  o f  a b o u t  30 mb. 
T h i s  r e s u l t  i s  in  ag reemen t  with a n  h d e p e n d e n t  d e t e r m i n a t i o n  
by Musman18  who de r ives  an  uppe r  l i m i t  o f  27 mb assuming a 
pu re  n i t rogen  a tmosphe re  and  no  con t r ibu t ion  f rom l igh t  
r e f l e c t e d  f r o m  the p 1 a n e . t ' ~  s u r f a c e ( a t  3300 1) 
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I n  t h i s  r e p o r t .  w e  have  endeavored  to  r e -eva lua te  the  
obse rva t ions   and   i n , t e rp re t a t ions   r e f e r r ed   t o   above .  The f c l lowing  
s e c t i o n  i s  conce rned  wi th  the p o l a r i m e t r i c  o b s e r v a t i o n s  o f  
Dol l fus ,  the  photometr ic  a rgument  of Musman, a n d  t h e  e f f e c t  o f  
p a r t i c u 1 a t . e   s c a t t e r i n g   o n   s u r f a c e   p r e s s u r e   d e t e r m i n a t i o n s ,  We 
have  not  inc luded  a d i scuss ion  o f  o the r  pho tomet r i c  p re s su re  
d e t e r m i n a t i o n s  s i n c e  t h e y  are less  d i r e c t  a n d  the r e q u i r e d  
assumptions are similar t o  t hose  which are d i s c u s s e d  i n  S e c t i o n  2 
of  t h i s  review; T h e   i n t e r e s t e d   r e a d e r  i s  r e f e r r e d  t o  
de Vaucouleurs '  and Chamberlain and Hunten 19 
The t h i r d  p a r t  of t h e  r e p o r t  ( S e c t i o n  3 )  p r e s e n t s  a 
d i s c u s s i o n  of the r e s u l t s  d e r i v e d  f r o m  the v a r i o u s  s p e c t r o -  
g r a p h i c   o b s e r v a t i o n s ,   T h i s  i s  fo l lowed by a summary o f  o u r  
5 
conc lus ions  
P a r t  I1 o f  t h i s  r e p o r t  g i v e s  d e t a i l s  o f  t h e  c a l c u l a t i o n s  
a n d  d i s c u s s i o n s  l e a d i n g  t o  t h e  r e su l t s  p r e s e n t e d  i n  P a r t  I. 
The gene ra l  ph i lo sophy  which  has been  fo l lowed  in  
approaching a l l  of  these  pape r s  has  been  to  t ake  a d e t a i l e d  
look a t  t h e  work presented by each  au tho r  wi thou t  ques t ion ing  
the  bas i c  a s sumpt ions  made,  simply  to assess t h e  i n t e r n a l  e r r o r s  
a n d  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  r e su l t s .  This   has   been 
fo l lowed,  i n  t h e  case of  t h e  p o l a r i m e t r i c  o b s e r v a t i o n s ,  w i t h  a 
d i s c u s s i o n  of  the  premi.ses on  which  the  work i s  based.  The 
s p e c t r o s c o p i c  a n a l y s i s  i s  founded on principles which are 
be t t e r  e s t ab l i shed  and  wh ich  a re  consequen t ly  no t  examined  in  
d e t a i l .  A d i s c u s s i o n   o f  these p r inc ip l e s   can   be   found   i n   t he  
r e p o r t  by Chamberlain and Hunten 19 
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2. POLARIMETRIC  AND  PHOTOMETRIC  DETERMINATIONS 
OF MARTIAN  SURFACE  PRESSURE 
Introduction 
The  use of polarimetry  in  studying  the  surfaces  and 
atmospheres of the  planets  was  pioneered  by B. Lyot2,  and  it 
was  he  who  in  1929  first  published  an  estimate  for  the  surface 
pressure on Mars; he  obtained  a  value  of 18 mb  assuming  an 
atmosphere  composed of oxygen  and  nitrogen.  Subsequently,  the 
careful  and  extensive  researches of A .  Dollfus  raised  this 
figure  to 90 mb . During  the  course of the  present  reappraisal 
of the  polarimetric  measurements,  many  points  of  uncertainty 
arose  as  to  the  meaning  attached  by  Dollfus to ome of his 
analytical  terms,  and to the  manner  in which he  applied  his 
theory  to  polarimetric  observations.  In  addition  it  became 
clear  that  several of his  assumptions  were  questionable a n d ,  
since  his  work was published  ten  years  previously,  it  seemed 
fairly  certain  that  he  would  now  hold  new  views  on  some  of 
the  points  in  question. One  of the  authors,  therefore,  visited 
Dollfus  in  Paris (at his  invitation), where  these  matters  were 
discussed.  Dollfus  was  generous  with  his  time,  even  to  the 
extent of making  some  measurements  in  the  laboratory  on  a  sample 
of limonite,  in  order  to  resolve  one  of  the  difficulties. He 
5 
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a l s o  v e r y  k i n d l y  p r o d u c e d  some of h i s  o r i g i n a l  d a t a  t a k e n  i n  
t h e  y e a r s  1948 t o  1954, so t h a t  i t  was p o s s i b l e  t o  make Some 
c a l c u l a t i o n s   t o   i n v e s t i g a t e   h i s  earl ier assumptions 536 . 
The r e s u l t  o f  t h i s  v i s i t  t o  D o l l f u s  was a r e a p p r a i s a l  
o f  h i s  p o l a r i m e t r i c  work t a k i n g  i n t o  a c c o u n t  t h e  r e s u l t s  o f  
h i s  more r e c e n t  r e s e a r c h  a n d  t h e  c l a r i f i c a t i o n s  o f  h i s  m e t h o d s .  
I n  d i s c u s s i n g  t h e  a p p l i c a t i o n  o f  p o l a r i m e t r y  t o  t h e  d e d u c t i o n  
o f  s u r f a c e  p r e s s u r e ,  D o l l f u s  e m p h a s i z e d  t h a t  p l a c i n g  e r r o r  
limits on t h e  r e s u l t  was meaningless;  the problem of making 
such a deduct ion  was i n s u f f i c i e n t l y  d e f i n e d  a n d  f a c t o r s  s u s -  
p e c t e d  o r  unknown cou ld  g ive  r i s e  t o  a n  a p p r e c i a b l e ,  i n d e t e r -  
minab le   e r ro r .  The f i n d i n g s   o f   t h i s   r e p o r t  are c o n s i s t e n t  
w i t h  h i s  view. One o f  t he  ma jo r  suspec ted  sources  o f  e r ro r  i s  
p a r t i c u l a t e  matter i n  t h e  Mars a tmosphe re .   In   t h i s   connec t ion ,  
D o l l f u s  s t a t e d  t h a t  h e  was v e r y  c a r e f u l  i n  t h e  s e l e c t i o n s  h e  
made f rom obse rva t iona l  r eco rds .  H e  w a s  a b l e  t o  draw  on t h e  
r e s u l t s  o f  a con t inuous  pho tograph ic  pa t ro l  o f  t he  p l ane t  as 
w e l l  as on the  po la r ime t r i c  measu remen t s ,  and  in  some y e a r s  
on a p h o t o m e t r i c   p a t r o l .  H e  t h e n  s e l e c t e d  p o l a r i m e t r i c  o b s e r -  
va t ions  wh ich  showed  no o b s e r v a b l e  d e v i a t i o n s  t h a t  c o u l d  b e  
a t t r i b u t e d  t o  mists o r  ve i l s  ( t h e  p o l a r i m e t r i c  method i s  v e r y  
s e n s i t i v e  t o  s u c h  phenomena)  and i n  so do ing  r e j ec t ed  abou t  
95 p e r c e n t  o f  t h e  p o l a r i m e t r i c  o b s e r v a t i o n s  h e  h a d  made. 
Consequent ly ,  he concluded that  i f  t h e r e  was p a r t i c u l a t e  matter 
p r e s e n t ,  i t  was v e r y  u n i f o r m  o v e r  t h e  d i s k  a n d  s t a b l e  o v e r  l o n g  
per iods  of  time. 
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In  examin ing  the  o r ig ina l  da t a  ob ta ined  f rom Dol l fus  
and the manner  in  which photometr ic  data  was u s e d  i n  t h e  
p re s su re  deduc t ion ,  i t  became apparent  tha t  Dol l fus  had  made 
a n   u n n e c e s s a r y   a s s u m p t i o n   i n   h i s   p r e s s u r e   d e r i v a t i o n .   E l i m i n -  
a t i n g  t h i s  a s s u m p t i o n  r e s u l t e d  i n  a n  a p p r e c i a b l y  l o w e r  v a l u e  
fo r  t he  p re s su re ,  bu t  w i th  an  inc reased  scatter i n  h i s  g r a p h -  
i c a l   p o i n t s .   U n f o r t u n a t e l y   t h i s   r e - a n a l y s i s  w a s  not   completed 
b e f o r e  l e a v i n g  P a r i s  b u t  D o l l f u s  w a s  s e n t  t h e  d e t a i l s  o f  t h i s  
work by l e t t e r .  H i s  r e p l y   i n d i c a t e s   a g r e e m e n t ,   a n d   t h i s  modi- 
f i e d   a n a l y s i s  i s  p r e s e n t e d   i n   t h e   s e c t i o n s   t h a t  fo l low.  This  
a c c o u n t s  i n  p a r t  f o r  t h e  l o w e r  v a l u e  o f  t h e  p r e s s u r e  a t t r i b u t e d  
to   the   po lar imet r ic   measurements  i n  t h i s   r epor t .   Ano the r   impor -  
t a n t  f a c t o r  i s  t h e  new knowledge concerning the gaseous com- 
pos i t ion  of  the  Mar t ian  a tmosphere ,  which  fur ther  reduces  the  
d e r i v e d  p r e s s u r e .  
Es t ima tes  o f  t he  Mar . t i an  su r face  p re s su re  have  a l so  
been made f r o m  p h o t o m e t r i c  o b s e r v a t i o n  o f  t h e  u l t r a v i o l e t  
a lbedo o f  t he   p l ane t .   Because  of  t he   ve ry  low s u r f a c e   a l b e d o  
i n  t h e  u l t r a v i o l e t ,  o n e  may assume t h a t  t h e  e n t i r e  M a r t i a n  
b r i g h t n e s s  i s  due t o  R a y l e i g h  s c a t t e r i n g  from a pure molecular 
a tmosphere  and  thus  obta in  an  upper  l i m i t  t o  t h e  o p t i c a l  t h i c k -  
nes s   and ,   consequen t ly ,   t he   a tmosphe r i c   p re s su re ,  Musman18 has  
performed such a c a l c u l a t i o n  and obtained a value which w a s  i n  
c lose r  ag reemen t  wi th  spec t roscopy  than  wi th  po la r ime t ry .  
9 
The  presence of true  absorption  in  the  Martian  atmo- 
sphere is another  of  the  uncertainties  that  exist  in  the  inter- 
pretation of photometric  or  polarimetric  observations. If ab- 
sorption  is  appreciable,  then  both  Dollfus'  and  Musman's  derived 
values of the  surface  pressure  should  be  raised.  Photometric 
observations of Mars  in  the  past  have  indicated  the  presence of 
absorption  as do observations  made on the  so-called  "blue  haze" 
and  "blue  clearing",  but  there  is  no  universal  agreement on he 
magnitude  of  the  absorption; Dollfus'' believes  it  to  be  small. 
The  determination of pressure  by  polarimetry  falls  natur- 
ally  into  two  steps,  which  are  treated  separately  in  this  section. 
The  first  is  the  deduction  from  polarimetry, with  some  input 
from  photometric  observations, of the  quantity  (Ba/Bs). This is 
the  ratio of the  brightness of the  atmosphere  due  to  sunlight 
scattered  towards  the  observer  on  Earth  by  atmospheric  molecules, 
to  the  brightness of the  ground alone; both  evaluated  at  the 
sub-Earth  point. The second  stage  is  the  deduction of the  atmo- 
spheric  pressure  from  this  ratio,  using  more  recent  photometric 
data  and  further  assumptions  concerning  the  composition of  the 
atmosphere.  These  two  sections  are  preceded  by  a  brief  descrip- 
tion of the  instrumentation  and  observing  errors  in  polarimetry. 
There is  also  a  review of Musman's calculation,  which is  followed 
by a  discussion of the  influence  of  particulate  matter  in  the 
atmosphere  which  clearly  indicates  the  importance  of a better 
knowledge of the  atmospheric  composition. 
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2 . 1  Instrumentat ionfc 
Before p r o c e e d i n g  t o  t h e  d e t a i l s  o f  t h e  o b s e r v a t i o n s  
a n d  r e d u c t i o n s  c a r r i e d  o u t  by D o l l f u s ,  a c r i t i q u e  o f  h i s  ob- 
s e rva t iona l   me thods  i s  i n   o r d e r .   D o l l f u s   u s e d  a Lyo t   po la r i -  2 
meter f o r  t h e  m a j o r i t y  o f  h i s  work. H e  a l so  des igned  and  bu i l t  
a more s e n s i t i v e  i n s t r u m e n t  f o r  u s e  w i t h  n a r r o w  b a n d - p a s s  
f i l t e r s  and i n  o t h e r  low l i g h t  level a p p l i c a t i o n s .   T h i s   i n s t r u -  
ment i s  d e s c r i b e d  i n  r e f e r e n c e s  5 ,  6 and 20 which may be 
r e f e r r e d  t o  f o r  d e t a i l s  o f  i t s  c o n s t r u c t i o n .  
F o u r  p o s s i b l e  s o u r c e s  o f  i n s t r u m e n t a l  e r r o r  were con- 
s ide red .   These  are: 
a )  e r r o r s  i n h e r e n t  i n  t h e  p o l a r i s c o p e  a n d  i t s  u s e ,  
b )  e r ro r s  due  to  po la r i za t ion  by  the  Ea r th ' s  a tmosphe re ,  
c )  e r r o r s  d u e  t o  p a r a s i t i c  p o l a r i z a t i o n  o r  d e p o l a r i z a -  
t i o n  i n t r o d u c e d  by the  opt ica l  components  of  t h e  
t e l e s c o p e ,  
d )  e r r o r s  a s s o c i a t e d  w i t h  s e e i n g  a n d  s c i n t i l l a t i o n .  
From a c o n s i d e r a t i o n  o f  e f fec ts  l i k e l y  t o  be  in t ro -  
duced by t h e  a b o v e  e r r o r s ,  i t  a p p e a r s  t h a t  t h e  a c c u r a c y  o f  
0.001 w h i c h  D o l l f u s  a s c r i b e s  t o  h i s  o b s e r v a t i o n s  i s  r easonab le .  
The a c c u r a c y  o f  t h e  p o l a r i s c o p e  i t s e l f  i s  c e r t a i n l y  t h i s  
g rea t .  A tmospher i c  po la r i za t ion  cou ld  be  a problem when moon- 
l i g h t  was p r e s e n t ,  b u t  D o l l f u s  w a s  aware o f  t h i s  a n d  t o o k  p r e -  
c a u t i o n s   t o   a l l o w   f o r  i t  . S i m i l a r l y ,   h e  was consc ious   o f  2 1  
t h e  e f fec ts  of p a r a s i t i c  p o l a r i z a t i o n  c a u s e d  by t h e  t e l e s c o p e  
opt ics  and compensated for  t h i s  by making comparisons 
~~ _____ ~~~ - ~~~~~~ ~ ~ ~ ~~ _______~ - ~~ ~ ~ " ~~ ~ ~~~ 
* The authors   would l i k e  t o  e x p r e s s  t h e i r  a p p r e c i a t i o n  t o  H. 
T. B e t z  f o r  h i s  c o n t r i b u t i o n s  t o  t h i s  s e c t i o n  o f  t h e  r e p o r t .  
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b e t w e e n   r e f l e c t i n g   a n d   r e f r a c t i n g   i n s t r u m e n t s 2 ' .   S c i n t i l l a t i o n  
w i l l  have l i t t l e  effect  on polar iza t ion  measurements  of  ex tended  
o b j e c t s  ( e . g .  , p l a n e t a r y  d i s k s )  w i t h  f a i r l y  l a r g e  t e l e s c o p e s .  
Poor  seeing w i l l  l e a d  t o  p o o r l y  d e f i n e d  d e t a i l  o r  t o  b l u r r i n g  
o f   t h e   b o u n d a r i e s   o f   s u r f a c e   f e a t u r e s .   S i n c e   t h e   o b s e r v a t o r y  
a t  which Dollfus  made h i s  o b s e r v a t i o n s  ( P i c  du Midi) i s  no ted  
f o r  i t s  exce l l en t  s ee ing ,  and  s ince  the  obse rva t ions  were  made 
v i s u a l l y  so  the image could be inspected a t  a l l  t i m e s ,  i t  i s  
d o u b t f u l  t h a t  t h i s  was a s e r i o u s  s o u r c e  of e r r o r .  
One a d d i t i o n a l  c o n s i d e r a t i o n  i n v o l v e s  t h e  q u e s t i o n  o f  how 
c a r e f u l l y  t h e  p o l a r i z a t i o n  m e a s u r e m e n t s  c o u l d  b e  made t o  
co r re spond   t o  a g i v e n  p o s i t i o n  on t h e  p l a n e t a r y  d i s k ,  T h i s  i s  
i m p o r t a n t  s i n c e  D o l l f u s  r e s t r i c t s  h i s  o b s e r v a t i o n s  l e a d i n g  t o  
t h e  p r e s s u r e  d e t e r m i n a t i o n  t o  t h e  b r i g h t  a r e a s , a n d  f u r t h e r  re- 
q u i r e s  t h a t  h i s  " l i m b "  o b s e r v a t i o n s  be made a t  an angle  of  60" 
f rom  the   sub-Ear th   po in t .  It a p p e a r s   t h a t   t h e   m a g n i f i c a t i o n  
a v a i l a b l e  was adequa te  fo r  t h i s  pu rpose  p rov ided  the  obse rva -  
t i ons   were  made i n  t h e  r e d  a n d  g r e e n ,  T h i s  was indeed   t he  
w a v e l e n g t h  r a n g e  f o r  t h e  o b s e r v a t i o n s  r e f e r r e d  t o .  
The f i n a l  c o n c l u s i o n  i s  t h a t  t h e  q u a l i t y  o f  t h e  o b s e r -  
v a t i o n s  i s  s t rongly  dependent  on t h e  s k i l l  o f  t h e  o b s e r v e r  a n d  
h i s   f a m i l i a r i t y   w i t h   t h e   i n s t . r u m e c t ,  A s  i nd ica t ed   above ,  a l l  
e x t e r i o r  f a c t o r s  w h i c h  c o u l d  be a s s e s s e d  do n o t  c o n t r a d i c t  
D o l l f u s '  e s t i m a t e  o f  t h e  o b s e r v a t i o n a l  a c c u r a c y  a c h i e v a b l e  by 
th i s  me thod ,  
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2.2 The Determination of Ba/Bs  from  Polarimetry 
Dollfus  has  published  the  results of his  polarimetric 
determinations of the  Martian  atmospheric  pressure  over  a  period 
of several  years 3-6y20. A larger  number of observations  is  in- 
cluded in the  more  recent  papers. Two of these  references  are 
practically  identical5y6.  His  Thesis , published in 1955,  is 
exactly  reproduced  in  Suppl.  Ann.  d’Astrophys.  19576,  and  the 
English  translation5  incorporates  a  few  small  improvements  made 
by  Dollfus. In the  course of his  data  reduction,  Dollfus  uses 
photometric  data  which,  in  these  publications,  he  indicated  as 
being  unpublished.  However  such  data  was  located  in  the  liter- 
ature” and  used  in  this  study;  Dollfus  later  confirmed  that 
this  was  the  data he used . 
Theory of the  Polarimetric  Method 
21 
The  polarimetric  measurements  are  used  to  deduce  the 
intensity of radiation  scattered  by  the  Martian  atmosphere  in 
terms of the  intensity  scattered  by  the  surface.  This  ratio 
is  denoted  by  (Ba/Bs),  the  brightness of the  atmosphere  relative 
to  the  brightness of the  surface  (bright  areas  only)  and  is  the 
end  product of the  polarimetric  measurement. In  order  to  obtain 
this  ratio,  it  is  necessary  to kn w the  scattering  law  applicable 
to  the  atmosphere  and  also  certain  photometric  and  polarimetric 
data  for  the  surface.  Bs  is  then  found  from  the  measured  mag- 
nitude  of  Mars,  or  from  direct  photometric  measurements.  Knowing 
Ba it is  then  possible  to  deduce  the  amount f gas  which  causes 
this  scattering,  subject  to  certain  restrictions.  The  pressure 
follows from a cons ide ra t ion  o f  t he  we igh t  o f  t h i s  amount of 
gas  on Mars. 
P o l a r i z a t i o n  i s  d e f i n e d  w i t h  r e f e r e n c e  t o  t h e  p l a n e  
con ta in ing   t he   sou rce   (Sun) ,  scatterer (Mars) and   observer  
( E a r t h ) .  The r a d i a t i o n  i s  c o n s i d e r e d  i n  terms of t h e  e l e c t r i c  
vector  components  E,, and El , p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  
t h i s  p l a n e ,  g i v i n g  i n t e n s i t i e s  I and II r e s p e c t i v e l y  (see It 
Figure  1). Then t h e   p o l a r i z a t i o n ,   P ,  i s  d e f i n e d  as 
?l - I,, P =  I L + I  
II 
For a Rayle igh  scat terer ,  I i s  a cons t an t   and  
f, 
I a cos2  v , 
s o  t h a t  
1 - cos2  v - s i n 2  v 
1 + cos2 v 1 + cos2  v 
P =  - 
I n  t h e  p r e s e n t  case t h e r e  are two s o u r c e s  o f  p o l a r i z e d  l i g h t ,  
the   a tmosphere  Pa,   and  the  ground Ps.  These are added   a r i t h -  
m e t i c a l l y  w i t h  w e i g h t s  e q u a l  t o  t h e i r  r e s p e c t i v e  b r i g h t n e s s e s :  
's Bs + 'a Ba Ba P =  
Bs + Ba = ps + Bs pa 
s i n c e  Bs >> Ba. This   p rocedure  i s  based   on   the   p remise   tha t  
t h e r e  i s  no i n t e r a c t i o n  b e t w e e n  a t m o s p h e r i c  s c a t t e r e d  r a d i a t i o n  
and t h e  s u r f a c e ,  o r  vice versa. I n  a d d i t i o n ,  m u l t i p l e  sca t te r -  
ing   and   a tmosphe r i c   abso rp t ion  are n e g l e c t e d   e n t i r e l y .  From 
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a)  Sun 
Mars 
Ear th  
F ig .  1 Diagrams t o   i l l u s t r a t e   t h e   d e f i n i t i o n   o f   p o l a r i z a t i o n  
a )  View pe rpend icu la r   t o   p l ane   o f   v i s ion  
b )  8 = 0  
recent  measurements,  Dollfus  believes  absorption  to be small 21. , 
certainly  less  than  indicated  by 6pik . 25 
It  is now  convenient  to  consider  the  brightness  ratio, 
Ba/Bs  at  the  center of  the  disk  for  a  particular  wavelength Ao. 
The  above  quantities  are  functions of the  phase  angle, V, zenith 
angle 8, and  the  wavelength, A. In  his  earlier  publication 4 
Dollfus  expressed  the  surface  brightness  as 
where a(A) is the  ratio B ( A ) / B ( o )  for V = 8 = 0 and a(Ao) = 1; 
Bs is  the  surface  brightness,  also  for V = 8 = 0, A = ho. This 
separation of variables  is  clearly  a  questionable  assumption 
which  should be tested, if possible. Later 2o Dollfus  altered 
his  notation  to 
BV where - is  the  brightness of the  ground  for  phase V, referred 
Bo to  that  at  zero  phase (V = 0), 
Be and - is  the  brightness of the  ground  for  the  angular  dis- 
tance 8 referred  to  that of the  center of the  disk 
For  the  atmosphere, 
1 + cos2 v Ba (VI = Ba (0) 2
Another  convenient  approximation  is 
16 
For material whose po la r ime t r i c  cu rve  mos t  c lose ly  r e sembles  
t h a t  o f  Mars, t h i s  i s  a good  approximation . 23 
C o l l e c t i n g  terms o n e  o b t a i n s  t h e  p o l a r i m e t r i c  e q u a t i o n  
fo r  the  ground p lus  a tmosphere :  
s i n 2  v A 4  -2 sec e (+) . 
The dependence  of  the  ratios  (Bo/Bv),   (Bo/BO),  and  a(A)  on 
( V ,  0, A)  are discussed  below.  The f a c t o r  (sec 0) a l l o w s   f o r  
s l an t   pa ths   t h rough   t he   Mar t i an   a tmosphe re .  It i s  shown i n  
Appendix 2 . 1  t h a t  t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a  i s  s e r i o u s l y  
i n f l u e n c e d  by the  assumpt ions  made c o n c e r n i n g  t h e s e  r a t i o s .  
Determinat ion of  BaLBs 
D o l l f u s  e v a l u a t e d  t h e  p o l a r i m e t r i c  e q u a t i o n  (5) by f o u r  
d i f fe ren t  methods  which  are d i s c u s s e d  i n  more d e t a i l  i n  
Appendix  2.2,  and  obtained a v a l u e  of 0.028 f o r  Ba/Bs.  The 
f i r s t  method i s  t h e  m o s t  a c c u r a t e ,  as Dollfus agrees",  and 
employs  measurements made a t  t h e  c e n t e r  a n d  a t  t h e  e d g e  o f  t h e  
d i s k ,   b o t h  a t  t h e  same wavelength,  A = 0 . 6 1 ~ .  T h i s  method 
g ives  a v a l u e  f o r  Ba/Bs of 0.036 which was c o n s i d e r e d  t o  b e  t h e  
b e s t  v a l u e .  The l a s t  t h r e e  methods were u s e d  p r i m a r i l y  as 
checks .   Us ing   the   photometr ic   curves   which   Dol l fus2 '   suppl ied  
( s l i g h t l y  b e t t e r  t h a n  t h o s e  p u b l i s h e d ) ,  a n d  t h e  o r i g i n a l  d a t a ,  
a v e r y  similar v a l u e  was ob ta ined .  Do l l fus '  va lue  shou ld  be  t aken  
as c o r r e c t  s i n c e  i t s  d e r i v a t i o n  i n v o l v e s  i n t e r p o l a t i o n s  a n d  
e x t r a p o l a t i o n s  of the  pho tomet r i c  da t a .  
Dollfus ,   however ,  makes t h e  a s s u m p t i o n  t h a t  t h e  s u r f a c e  
p o l a r i z a t i o n  c a n  be w r i t t e n  as the  p roduc t  of two terms, one 
depending  on V on ly ,  and  the  o the r  on  8 .  This  i s  c l e a r l y  a n  
approximation,  as was also  noted  by  Chamberlain  and  Hunten . 19 
It i s  a l so  an  unnecessary  assumpt ion ,  s ince  the  photometr ic  
d a t a  i s  s u p p l i e d  i n  a s u i t a b l e  f o r m  t o  a v o i d  t h i s .  R e c a l c u l a -  
t i o n  o f  B / B  w i thou t  making t h i s  a s s u m p t i o n  r e d u c e s  D o l l f u s '  
v a l u e  o f  Ba/Bs from 0.036 t o  0.015 b u t  t h e  a s s o c i a t e d  e r r o r  
i n c r e a s e s  (see Appendix  2.2). The i n c r e a s e d   s c a t t e r  i s  due t o  
u n c e r t a i n t i e s  i n  t h e  v a l u e  o f  8 c o r r e s p o n d i n g  t o  h i s  o b s e r v a -  
t i o n s ,  a n d  i n  t h e  i n t e r p o l a t e d  p h o t o m e t r i c  c u r v e s ;  t h e  r e s u l t s  
are  v e r y  s e n s i t i v e  t o  t h e  s h a p e  of the  pho tomet r i c  cu rves  nea r  
t h e  t e r m i n a t o r  o f  t h e  p l a n e t .  
a s  
The second method considers measurements made a t  t h e  
c e n t e r  o f  t h e  d i s k  b u t  a t  two d i f f e r e n t  w a v e l e n g t h s .  I n  t h i s  
method,  Dollfus  omit ted the wavelength dependence of  surface 
p o l a r i z a t i o n ;  D o l l f u s 2 '  s t a t e d  t h a t  he was w e l l  aware o f  t h e  
approx ima t ion ,  bu t  t ha t  a t  t h a t  time t h e r e  w a s  no da ta  which  
c o u l d  b e  u s e d  t o  a l l o w  f o r  t h i s  e f f ec t .  Recent   da ta  on  limon- 
i t e ,  s u p p l i e d  by Dollfus2 ' ,  indicates  that  the wavelength depen-  
d e n c e  o f  t h e  s u r f a c e  p o l a r i z a t i o n  may no t  be  ve ry  impor t an t .  
Data taken  on  another  sample  of  l imoni te  by C o ~ l s o n ~ ~ ,  however, 
shows t h e  e f fec t  t o  b e   q u i t e   s i g n i f i c a n t .  The p o l a r i z a t i o n  
cu rve  fo r  Cou l son ' s  s ample ,  on  the  o the r  hand ,  does  no t  f i t  
t h e  Mars polar iza t ion  curve ,  whereas  Dol l fus '  sample  does .  
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Consequently i t  w a s  no t  cons ide red  mean ingfu l  t o  use  Cou l son ' s  
d a t a  i n  t h e  r e c a l c u l a t i o n  o f  D o l l f u s '  work. 
In  the  second  me thod ,  aga in  wi thou t  s epa ra t ing  the  0-V 
dependence, Ba/Bs f a l l s  f rom Dol l fus '  va lue  of  0.031 t o  a v a l u e  
of 0.007; h e r e ,  t h e r e  i s  a l a r g e  u n c e r t a i n t y ,  i n  t h a t  t h e  
i m p l i e d  p o l a r i z a t i o n  a t  V = 0 ( f r o m  t h e  s t r a i g h t  l i n e  f i t t e d  t o  
t h e   d a t a )  i s  0.005, i n s t e a d   o f   z e r o ,  (see Appendix 2 . 2 ) .  The 
r e a s o n  f o r  t h i s  d i s c r e p a n c y  i s  no t  known. 
The t h i r d  method uses a combina t ion  o f  t he  f i r s t  two ,  
a n d   c o n s e q u e n t l y   i n c l u d e s   t h e   u n c e r t a i n t i e s   o f   b o t h .   I n   t h i s  
method,  Dollfus made t h r e e   d e t e r m i n a t i o n s .  The f i r s t  measure- 
ment was towards  the  l imb  and  the l a s t  two towards  the  termin-  
a t o r .   I n   h i s   c a l c u l a t i o n   t h e r e  was a n  a r i t h m e t i c a l  e r r o r ,  f i r s t  
d i scove red  by Chamberlain  and Hunten". When t h i s  e r r o r  i s  
c o r r e c t e d ,  t h e  t h r e e  d e t e r m i n a t i o n s  y i e l d  Ba/Bs = 0 . 0 3 4 ,   0 . 0 3 7 6  
and 0.0775 r e s p e c t i v e l y .  D o l l f u s  n o t e s  4 y 5  t h a t  t h e  l a s t  o f  
t h e s e  was t h e  l eas t  a c c u r a t e .   R e c a l c u l a t i o n   a l o n g   t h e   l i n e s  
a l r e a d y  i n d i c a t e d  r e d u c e s  t h e s e  v a l u e s  t o  0 . 0 5 0 ,  0 . 0 1 6 ,  0.009 
r e s p e c t i v e l y .  The f o u r t h  method was t h e  l eas t  accu ra t e   and  
cons ide red  the  in t ens i ty  o f  l i gh t  f rom the  who le  d i sk ,  wh ich  
would   inc lude   the   occas iona l   c loud .   Consequent ly ,   th i s   method 
was no t  ana lyzed .  
In  method three ,  i t  i s  found tha t  the  one  l imb measure- 
ment  gave a h igh  Ba/Bs (0.050) and  the  two terminator  measure-  
ments  gave low v a l u e s  (0.016, 0.009).  Th i s  raises t h e   q u e s t i o n  
as t o  w h e t h e r  m e t h o d  o n e  g i v e s  a p p r e c i a b l y  d i f f e r e n t  v a l u e s  f o r  
I 
- .  . 
Ba/B when us ing   l imb o r  te rmina tor   measurements .   This   ques t ion  
c a n n o t  b e  r e s o l v e d  f o r  l a c k  o f  d a t a .  
S 
I n  view o f  t h e  a b o v e  c o n s i d e r a t i o n s ,  i t  i s  f e l t  t h a t  
t h e  b e s t  v a l u e  f o r  Ba/Bs i s  g iven  by t h e  f i rs t  method (as 
r e v i s e d   h e r e )   a n d   a p p e a r s   t o  be 0.015 + - 0.012 (see Appendix 2.3 
f o r  a d i s c u s s i o n .  o f  t h e  m e a n i n g  a t t a c h e d  t o  t h e  e r r o r  g i v e n ) .  
The new v a l u e  o f  0.015 f o r  Ba/Bs i s  s t rongly  dependent  on t h e  
way i n  w h i c h  e r r o r s  are a s s i g n e d  t o  t h e  v a r i o u s  q u a n t i t i e s .  
T h i s  v a l u e  i s  the  lowes t  t ha t  can  be  r easonab ly  accep ted  ( see  
Appendix 2 .2  f o r   f u r t h e r   d e t a i l s ) .  The e r r o r   a s s i g n e d   t o  
Ba/Bs i s  s e c o n d a r y  t o  t h e  u n c e r t a i n t y  i n  t h e  c o m p o s i t i o n  o f  t h e  
a t m o s p h e r e  a n d  t h e  i n t e r p r e t a t i o n  a p p l i e d  t o  t h e  p o l a r i m e t r i c  
measu remen t s .   Sma l l   quan t i t i e s   o f   ae roso l s ,   w i th   t he i r   h igh  
sca t t e r ing  power ,  cou ld  comple t e ly  upse t  t he  p re s su re  deduc t ions  
made i n  t h i s  way, as c o u l d   s t r o n g   a b s o r p t i o n .  The effect  of  
a b s o r p t i o n  i n  t h e  M a r t i a n  a t m o s p h e r e  i s  d i s c u s s e d  i n  more d e t a i l  
i n  Appendices 2.4 and 2 .8 ,  t h e  f i r s t  o f  w h i c h  a l s o  c o n t a i n s  a 
b r i e f  review of  the  so -ca l l ed  "b lue  haze"  phenomenon. 
2.3 The Determina t ion   of   Sur face   Pressure  
from B,LB~ 
D o l l f u s v 3  e v a l u a t i o n  o f  t h e  M a r t i a n  s u r f a c e  p r e s s u r e  
r e s u l t s  s i m p l y  f r o m  t h e  c a l c u l a t i o n  o f  t h e  number of  molecules  
pe r  cm2-column i n  t h e  c e n t e r  o f  t h e  d i s k  r e q u i r e d  t o  p r o d u c e  
the  obse rved  a tmosphe r i c  b r igh tness  Ba by s i m p l e  Rayleigh 
s c a t t e r i n g  of  s u n l i g h t .  The a tmosphe r i c   b r igh tness  Ba i s  d e t e r -  
mined  from t h e  r a t i o  Ba/Bs ob ta ined  po la r ime t r i ca l ly ,  and  f rom 
the  total  brightness of the  disk  BT  obtained  photometrically. 
BT  is  taken  to  be  equal  to  the  surface  brightness  Bs  because 
of the  high  visible  surface  albedo of Mars. This treatment 
assumes  that  the  atmosphere of Mars  possesses  the  same 
scattering  and  polarizing  properties  as  air. 
The  surface  pressure  obtained  in  this  manner  is  nec- 
essarily  an  approximation  since  other  contributions  to B such 
as  particulate  scattering  may  lead  to  significantly  different 
values.  In  his  original  work  Dollfus6  stated  that  his  result 
was intended  only  as  "an  order of magnitude  estimate". 
a 
On  the  basis of  his  original  value  Ba/Bs = 0.028 
Dollfus  obtained  (see  Appendix  2.5)  an  equivalent  thickness of
1.9  km for  a  Martian  atmosphere  composed of air. This  thickness 
corresponds  to  a  surface  pressure of 90 mb. We  have  repeated 
Dollfus'  calculation  using  Harris'  photometric  data28  and  ob- 
tained  a  pressure of 117 mb. When  the  revised  value of 
Ba'Bs 
pressure of  63 rnb is  obtained. 
= 0.015 (see  Section  2.2)  is  used  in  this calculation,  a 
The  problem was reformulated  using  a  slightly  different 
approach (see  Appendix 2.5) which  made  use of the  geometric al- 
bedo2' of Mars  and  provided  a  simpler  expression  for  obtaining 
the  pressure when different  molecular  compositions  were  con- 
sidered. The results  obtained  with  this  method  were  in  agree- 
ment  with  our  treatment  of  Dollfus'  calculation  for  an  atmosphere 
of air. 
Recent  spectroscopic investigations1''l3 suggest  much 
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larger  relative  abundances of C02 in  the  Martian  atmosphere 
than  in  the  Earth's  atmosphere. The remainder of the  Martian 
atmosphere  is  assumed  to  be  mainly  N2.  Using  the  revised 
value of Ba/Bs = 0.015 we obtain  the  following  surface 
pressures  for  the  atmospheric  compositions  designated  below: 
Atmospheric Martian 
Composition Surface  Pressure 
100% air  or N2 63 mb 
100% Ar 94 mb 
1/3  C02 + 2/3  N2 51 mb 
100% c02 42 mb 
We  have  not  assigned  any  uncertainty  to  these  values 
because  of  the  number of problems  which  are  still  not  yet well
defined.  Until  a  better  knowledge  of  the  gaseous  and  partic- 
ulate  content  of  the  Martian  atmosphere  is  available,  such 
assigned  uncertainties  can  only  be  misleading.  What we have 
hoped  to  demonstrate  is  that  Dollfus'  data  (through  our 
revision of Ba/Bs  and  allowance  for  increased  C02  content)  lead 
to  lower  values  for  the  pressure  than 90 mb, and  that  errors 
in the  photometry  as well as  the  polarimetry  must  be  accounted 
for  in  any  ultimate  assessment of the  reliability of this 
method. 
In  his  calculations,  Dollfus  did  not  consider  the  for- 
ward  scattering, by  the  atmosphere, of sunlight  reflected  from 
the  Martian  surface  or  the  scattering  by  particulate  matter 
suspended  in  the  atmosphere.  These  problems  will  be  considered 
briefly  in  Section 2.5. 
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2,4 The Det.erminati.on of S u r f a c e   P r e s s u r e  
""" 
from the U l t r a v i o l e t  - Albedo 
If, i n  t h e  a b s e n c e  of s t rong  abso rp t ion ,  one  a s sumes  
t h a t  t h e  e n t i r e  u l t r a v i o l e t  b r i g h t n e s s  of t h e  M a r t i a n  d i s k  i s  
due to  s imple  mol . ecu la r  Ray le igh  sca t t e r ing  of s u n l i g h t  by t h e  
Mar t i an  a tmosphe re ,  t hen  the  op t i ca l  t h i ckness  of atmosphere 
r e q u i r e d  t o  p r o d u c e  t h i s  b r i g h t n e s s  w i l l  n e c e s s a r i l y  b e  a n  
upper l i m i t  as w i l l  t h e   c o r r e s p o n d i n g   s u r f a c e   p r e s s u r e .   I n  
the u l t r a v i o l e t ,  where the s u r f a c e  a l b e d o  i s  ve ry  low,  the  
upper l i m i t  d e r i v e d  i n  t h i s  manner may be a good est imate  of  
t h e  p r e s s u r e ,  p r o v i d i n g  s t r o n g  UV a b s o r p t i o n  . in  t he  Mar t i an  
atmosphere i s  n o t  p r e v a l e n t .  
Using de Vaucouleurs I 3 O  photometr,ic. magn:itude o f  Mars 
18 9 measured a t  3.300 A and making the above assumptions,  Musman 
compared t h e  UV re f lec . t : i .v i ty  o f  Mars wi.tFr calcul .a . ted models  of  
a Rayleigh a,Lmosphere  and  found t h a t  a n  o p t i c a l  t h i c k n e s s  o f  
0.058 a t  3300 provided   the   bes t   match .  
We have  reproduced  Musman's technique  (.see Appendix 2 .6 )  
by c o m p a r i n g  t h e  u l t r a v i o l e t  r e f l e c t i v l . t y  of  Mars wi th  Ray le igh  
models f o r  a plane  a tmosphere as c a l c u l a t e d  by Coulson 
Inc lud ing  a c o r r e c t , i o n  f a c t o r  of 2 . 1 2  f o r  the s p h e r i c i t y  of t.he 
Mart ian atmosphere w e  o b t a i n e d  r e s u l t s  w h i c h  a re  i n  e x c e l l e n t  
agreement.  C o u l ~ o n ~ ~  comments t ha t  t.his c o r r e c t i o n  f o r  s p h e r i c i t y  
i s  a n  o v e r s i m p l . i f i c a t i o n  o f  t h e  problem because of the o p t i c a l  
t h i c k n e s s  o f  the   Mar t ian   a tmosphere  i n  the W. However, t h i s  
t r e a t m e n t  was o n l y   m e a n t   t o   c h e c k   t h e   r e s u l t s   p r e v i o u s l y  
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obta ined  by  Musman and i s  n o t  c r i t i c a l  to the conclus ions .  
The s u r f a c e  p r e s s u r e s  l i s t . e d  b e l o w  are obta ined  f rom 
Musman's c a l c u l a t i o n  e x t e n d e d  f o r  a d d i t i o n a l  a t m o s p h e r i c  com- 
p o s i t i o n s :  
Atmospheric Mar t ian  
Composition S u r f a c e  P r e s s u r e  
100% A i r  
100% N2 
100% CO2 




43. .5  mb 
1/3  C 0 2  + 2/3  N2 2 1 . 7  mb 
C o u l s o n ' s  c a l c u l a t i o n s  a l s o  c o n s i d e r  p l a n e t s  w i th  
v a r i o u s   s u r f a c e   a l b e d o s .  The i n c l u s i o n  of  s u r f a c e   r e f l e c t i v i t y  
y i e l d s  l o w e r  v a l u e s  f o r  t h e  o p t i c a l  t h i c k n e s s  a n d  s u r f a c e  
p r e s s u r e .  
We cons ide red  an  add i t iona l  t echn ique  (see Appendix  2.6) 
which employed de Vaucouleurs 1 2 '  d e t e rmina t ions  of the geometr ic  
a lbedo  of  Mars. Th i s   t echn ique   y i e lded   su r f ace   p re s su res  of  
18..5 mb f o r  C 0 2  and 26.5 mb f o r  N2 wh.ich serve as a n  a d d i t i o n a l  
check  on  the  above  resu l . t s .  
2.5  The  Dependence o f  P r e s s u r e  Est.imates 
2 , 5 . 1  The E f f e c t   o f  - P a r t i c l e   S c a t t e r h g  on 
" Vis ib l e   P re s su re   &te rmina t ions  - 
The de te rmina t ion  o f  Mar t i an  su r face  p re s su re  f rom 
D o l l f u s I 5  v i s u a l  p o l . a r i m e t r i c  o b s e r v a t i o n s  i s  based  on the 
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assumption that  t h e  e n t i r e  o b s e r v e d  a t m o s p h e r i c  b r i g h t n e s s  i s  
due t o  R a y l e i g h  s c a t t e r i n g  f r o m  a pure molecular  a tmosphere 
with p o l a r i z i n g   a n d   s c a t . t e r i n g   p r o p e r t i e s  similar t o  a i r .  These 
assumpt ions ,  while t . hey  y i e ld  an  o rde r  of  magnitude estimate 
fo r   t he   su r f ace   p re s su re ,  are n o t  r e a l . i s t i c , ,  The e f f ec t  on the 
s u r f a c e  p r e s s u r e  d u e  t o  a t m o s p h e r e s  of d i f f e r e n t  c o m p o s i t i o n  
than  a i r  has   a l r eady   been   cons ide red ,  The numerous  sources 
wh ich  can  con t r ibu te  t o  the o b s e r v e d  b r i g h t n e s s  of Mars inc lude :  
Rayleigh backsca.t  ter i ,ng from atmospheric  gases  
Rayle igh- type  backsca t te r  f rom very  f ine  
p a r t i c l e s  s u s p e n d e d  i n  t h e  atmosphere.  
Mie backscat ter  f rom aeroso1.s  
S u r f a c e  r e f l e c t e d  o r  d i f f u s e d  r a d i a t i o n .  
Ray le igh  fo rward  sca t t e r  of  r a d i a t i o n  f r o m  
c':4) by a tmospher ic  gases .  
R a y l e i g h - t y p e  f o r w a r d  s c a t t e r  of  r a d i a t i o n  
from ( 4 j  by very f i n e  p a r t i c l e s ,  
Mie forward sca t te r  of rad ia t io ,n  f rom ( 4 )  
by a e r o s o l s .  
Mu1tipl .y  s c a t t e r e d  r a d % a t i o n .  
Each of these c o n t r i b u t e ,  no t  on ly  t o  the  obse rved  b r igh tness  
b u t  t o  t h e  o b s e r v e d  t o t a l  p o l a r i z a t i o n ,  The p o l a r i z a t i o n   o f  
s u n l . i g h t  ( i n  t . h e  v i s i b l e )  by i c e  p a r t i c l e s  of Oo2g  diameter  
and smaller is shown in Figure  2 .  S i n c e   t h i s   p o l . a r i z a t i o n  i s  
approximately the same as f o r  m o l e c u l e s ,  t h e n  by E q ,  ( 4 )  
(Sec t ion  2.2)  t h e  b r i g h t n e s s  of these sources  are a d d i t i v e .  
a =  0.5 
Q =  1.0  a= 2 7 -  r . . . . .  
p (v> ""_ a =  2.0 x 
1 .0  
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F i g .  2 P o l a r i z a t i o n   F u n c t i o n   f o r   P a r t i c l e s  w i t h  
Index of  Refract ion n = 1.33 ( i c e )  as a 
Function of  Phase Angle 
Thus, for  particles in this  size range, the  contribution  to 
the  observed  atmospheric  brightness can be  directly  subtracted. 
Only  the  brightness  due  to (1) should  be  used  in  the 
calculation of surface  pressure,  but  the  observed  atmospheric 
brightness  may  consist of contributions  from  sources (l), (2), 
( 3 ) ,  (5),  (6), (7),  and (8), the  last  six of  which  should be 
subtracted  from  the  observed  atmospheric  brightness.  We  have 
considered  the  effect of sources (2) and ( 3 )  under  the  above 
restrictions  and  find  the  corrected  pressure  to  be  given  by  the 
expression  (see  Appendix 2.7) 
in  which: 
M1,M2 = molecular  weights of atmospheric  constituents. 
olv,02v = Rayleigh  scattering  cross  section  per  molecule 
for  the  gaseous  constituents  in  the  visible 
(6200  x).  fc 
x = fraction  of  constituent  one  in  the  atmosphere. 
f= number of scattering  particles  per  cm  -column. 2 
and i = Mie scattering coefficient for backscatter by 0 
particles in the  visible = (il + i,, ). 
Forfparticles  per  cm2-column  suspended  in  an  atmosphere  com- 
posed of 2/3 N2 + 1 / 3  C02  the  corrected  pressure  is  given by 
P (mb) = 51 - 2.19 x 10-6efi_v , 
* Although  Dollfus  refers  to  a  wavelength of 6100 in  his 
papers,  he  employed  a  wavelength of 6 2 0 0  A in  his  calculations 
as in his  work  on  the  planet  Mercury.  Because of the  wide 
bandwidths of the  filters  employed,  this  difference  is  not 
felt  to  be  significant, andothe calculations  in  this  report 
consider  the  value of 6 2 0 0  A. 
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which is  simply  the  pressure  calculated  in  the  absence of 
particles with  a  correction  term  for  particulates.  For 0 . 2 ~  
diameter  ice  particles, P e n n d ~ r f ~ ~  gives  the  Mie  scattering 
coefficient  as iov- 0.020. Thus, only /p * 7.1 x 10 8 such 
particles  per  cm2-column  would  be  required  to  reduce  the  pressure 
to 20 mb  which  is  in  rough  agreement with the  spectroscopically 
determined  values. J; 
The  contribution  from  sources (5), (6 )  and (7) above 
may  also  be  significant in the  visible  where  the  surface  albedo 
is 60%. Qualitative  arguments  show  that  both  for  Lambertian  or 
lunar-type  surface  scattering  laws,  the  inclusion  of  this 
effect  would  probably  reduce  Ba/Bs  somewhat  (rather  more  for 
the  Lambertian surface). 
Atmospheric  absorption  in  the  visible  will  also  affect 
the  brightness  and  hence  the  pressure  estimate.  The  consequence 
of absorption on Dollfus'  results  is  discussed  briefly  in 
Appendix 2.8. 
2.5.2 The Effect of Particle  Scattering  on 
Ultraviolet  Pressure  Determinations 
18 In  our  earlier  discussion  of  Musman's  work , we cal- 
culated  the  Martian  surface  pressure  under  the  assumption  that 
the  entire  brightness of Mars  was  due  to  Rayleigh  scattering 
by a  pure  molecular  atmosphere  (also  assuming no strong ab- 
sorption). In  order to  consider  the  effect on the  pressure of 
'k The  mean  concentration of Aitken  nuclei  (particles  in  the 
ran e 0 . 0 0 5 ~  to 0 . 2 ~ )  in  the  Earth's  atmosphere  is 1.5 x 10 
cm- 3 . Thus  a 50 m column  would  provide  the  necessary  con- 
centration. 
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N s c a t t e r i n g  p a r t i c l e s  p e r  cm’-cohmn i n  the Martian atmosphere,  
w e  must  s u b t r a c t  t h e  b r i g h t n e s s  d u e  t o  p a r t i c l e  s c a t t e r i n g  f r o m  
t h e   o b s e r v e d   a t m o s p h e r i c .   b r i g h t n e s s .   T h i s   s u b t r a c t i o n   y i e l d s  
t h e  act.ual molecular  R.ayleigh scat tered ‘br ightn.ess  which i s  
u s e d   i n  t h e   p r e s s u r e   c a l c u l a t i o n ,   P e r f o r m i n g   t h i s   s u b t r a c t i o n  
f i n d  t h e  c o r r e c t e d  s u r f a c e  p r e s s u r e  t o  b e  (see Appendix 2 , 9 )  w e  
given  by 
P (mb) = 1.. 18 x 10 -26 
where 
M l Y M 2  = molecular  weight.s of  a t m o s p h e r i c   c o n s t i t u e n t s  
dl.by62b= R a y l e i g h  s c a t t e r i n g  c r o s s  sec.t.i.on  per mo1.e- 
cu1.e for t h e  g a s e o u s  c o n s t i t u e n t s  i n  the 
u l t r a v i o l e t  (3300 i) 
X = f r a c t i o n  of  c .ons t i tuent  o’ne i.n the   a tmosphere .  
N = number of s c a t t e r i n g   p a r t i c l e s   p e r  cm 2 -column. 
i = Mie s c a t t e r - L n g  c o e f f i c i e n t  fo r  b a c k s c a t t e r  b 
0 
by p a r t i c l e s  i.n t h e  u l t r a v i o l e t  = (iL + i , ,  >. 
$ o r  J p a r t . i c l e s  per cm’-column suspended in an atmosphere com- 
posed  of  2/3 N2 + 1 / 3  C O Z Y  the s u r f a c e  p r e s s u r e  is  g iven  by 
For 0 ‘ 2 ~  diameter  i.ce p a r t i c l . e s ,  P e n n d o r f 3 *  g i v e s  t h e  Mie 
s c a t t e r i n g  c o e f f i c i e n t .  as i.ob r~ 0.151. The presence  of 
N r ~ 7 . 1 .  x lo8 ice  p a r t i c l e s  of  0.2p diameter ,  which reduced 
the  visible  determination  to 20  mb, will reduce  the  pressure 
obtained  from  the W albedo  to 1 7 . 3  mb  which  is  in  reasonable 
agreement. 
2 . 5 . 3  The Agreement of Visible  and  Ultra- 
violet  Pressure  Determinations 
We  have  shown  that  consideration of the  presence of 
scattering  particles  in  the  Martian  atmosphere will yield  lower 
estimates of the  surface  pressure  than  those  obtained  assuming 
only  Rayleigh  scattering  by  a  pure  molecular  atmosphere.  For 
an  atmosphere  composed of 2 / 3  N2 + 1/3 C02 with hf scattering 
particles  per  cm2-column  in  suspension,  the  visible  determination 
was  given  as  (Section 2.5 .2)  
Pv (mb) = 51 - 2 . 1 9  x 10-6xiJ , 
while  the  ultraviolet  determination  was  (section 2 . 5 . 3 )  
In  both  cases,  the  results  are  simply  the  pure  molecular  estim- 
ates  reduced  by  a  correction  term which  compensates for  that 
portion  of  the  brightness  due to scattering  by  particles. 
Both  expressions  can  be  equated  since  the  pressure  is  certainly 
independent  of  the  wavelength of observation.  Furthermore,  if 
only  one  particle  size  and  type is assumed  present, we can 
solve  for ds and  obtain  the  number of  particles  which will 
bring  the  visible  and  ultraviolet  results  into  harmony. 
This  va lue  i s  given by (see Appendix  2.10) 
S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  t h e  p r e s s u r e  e x p r e s s i o n  g i v e s  
(see Appendix 2 .10)  
F igu re  3 p r e s e n t s  a smoothed   vers ion   of   Penndorf ' s   curve   for  32 
i c e  p a r t i c l e s  g i v i n g  io ( a )  f o r  b a c k s c a t t e r  v e r s u s  a ;  where 
a = 2 7 ~ ~  is t h e   s i z e   p a r a m e t e r .  Over t h e   r e s t r i c t e d   r a n g e  
of i n t e r e s t  t h i s  c a n  be approximated by 
r 
log  io ( a )  3.22  log 01 - 1 . 7 2  . 
T h u s ,  t h e  r a t i o  iob/ioV i s given  as 
independent  o f  p a r t . f c l e   s i z e .  The s u r f a c e   p r e s s u r e ,  
i s  then  compa t ib l e  wi th  bo th  the  v i s ib l e  and  UL' o b s e r v a t i o n s .  
The f a c . t  t h a t  t h i s  r a t i o  iob/ioV i s  approximately  con-  
s t a n t  s u g g e s t s  t h a t  t h e  same compa t ib l e  p re s su re  of 16.8 mb 
e x i s t s  for a l l  p a r t i c l e  s i z e s  ( l e s s  t h a n  0 . 2 ~  d i a  f o r  i c e )  
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Fig. 3 Mean Mie Scattering Coefficient for Backscatter 
due to Ice Part ic les  
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a n d  t h e r e f o r e  f o r  a n y  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  i n  t h i s  
r a n g e  a l t h o u g h  t h e  number o f  p a r t i c l e s  r e q u i r e d  f o r  c o m p a t i b i l i t y  
varies. For 0.2~ diameter  ice p a r t i c l e s  w e  r e q u i r e f =  7.8 x LO8 
p e r  cm2-column t o  b r i n g  t h e  v i s i b l e  a n d  u l t r a v i o l e t  d e t e r m i n a -  
t i o n s   i n t o   a c c o r d .   C o n s i d e r a t i o n  of l a r g e r  par t ic les  does   no t  
y i e l d  s u c h  simple resul ts .  
2.6  Conclusions 
The me thods  fo r  deduc ing  the  Mar t i an  su r face  p re s su re  
f rom po la r ime t ry  have  been  ana lyzed  in  de t a i l .  The f i r s t  s t a g e  
i n  t h i s  d e d u c t i o n  was t h e  d e t e r m i n a t i o n  o f  t h e  r a t i o  Ba/Bs 
f r o m   t h e   p o l a r i m e t r i c   o b s e r v a t i o n s   o f   t h e   M a r t i a n   d i s k .   I n   c o n -  
s ide r ing  the  fou r  me thods  Do l l fus  used  fo r  de t e rmin ing  Ba/Bs i t  
i s  e v i d e n t  t h a t  o n l y  t h e  f i r s t  s h o u l d  be c o n s i d e r e d  s e r i o u s l y ,  
as t h e  u n c e r t a i n t i e s  i n  t h e  o t h e r  t h r e e  are  much g r e a t e r .  
Dol l fus2 '   has   expressed   agreement   wi th   th i s   eva lua t ion .  The 
l a r g e  sca t te r  i n  t h e  f i n a l  g r a p h i c a l  p l o t  f r o m  w h i c h  Ba/Bs was 
ob ta ined  (see Appendix  2.2) w a s  p robably  due  to  several f a c t o r s ,  
b u t  a t  least  two were appa ren t  as m a j o r  c o n t r i b u t o r s .  One was 
t h e  i n a d e q u a t e  p h o t o m e t r i c  d a t a  a v a i l a b l e  f o r  r e l a t i n g  t h e  
b r igh tness  o f  t he  g round  be tween  va r ious  pa r t s  o f  t he  d i sk ,  con-  
s e q u e n t l y  r e q u i r i n g  v e r y  u n c e r t a i n  e x t r a p o l a t i o n s  a n d  i n t e r -  
p o l a t i o n s .  The o t h e r  was t h e  u n c e r t a i n t y  i n  t h e  z e n i t h  a n g l e  8, 
a t  wh ich  the  obse rva t ions  were made; t h i s  a p p l i e d  e s p e c i a l l y  
t o  o b s e r v a t i o n s  made towards   t he   t e rmina to r .  More d a t a   t a k e n  
w i t h  r e g a r d  t o  t h e s e  two q u e s t i o n s  s h o u l d  r e d u c e  t h e  e r r o r  i n  
B,/Bs e s t ima ted  f rom the  da t a .  
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The a n a l y t i c a l  method used by D o l l f u s  t o  o b t a i n  t h e  
Ba/Bs r a t i o  makes t h e  a s s u m p t i o n  t h a t  t h e  s u r f a c e  b r i g h t n e s s  c a n  
be expres sed  as t h e  p r o d u c t  o f  t h r e e  f u n c t i o n s  o f  t h e  s i n g l e  
v a r i a b l e s  V ,  8 and A r e s p e c t i v e l y .  It i s  n o t  c lear  why Dol l fus  
made t h i s  a p p a r e n t l y  u n n e c e s s a r y  a s s u m p t i o n  w h i c h  h a s  t h e  e f f e c t  
o f  r a i s i n g  Ba/Bs,  a l t hough  i t  does improve the apparent  pre-  
c i s i o n  o f  t h e  r e s u l t s .  We h a v e   r e v i s e d   D o l l f u s '   c a l c u l a t i o n  
b y  n o t  s e p a r a t i n g  t h e  8 -V dependence. An account  of t h e  re- 
v i s e d  c a l c u l a t i o n s  was s e n t  t o  D o l l f u s  t o  w h i c h  h e  r e p l i e d  t h a t ,  
c o n s i d e r i n g  t h e  d i s c u s s i o n s  h e l d  w i t h  him a t  Meudon, he thought 
t h e  new p r e s s u r e  d e t e r m i n a t i o n  was e s s e n t i a l l y  c o r r e c t .  
Using more r e c e n t  p h o t o m e t r i c  d a t a  by Harris and  t ak ing  
t h e  M a r t i a n  a t m o s p h e r e  t o  c o n s i s t  o f  1 /3  C 0 2  and 2 / 3  N2 ( a s  a 
somewhat ex t r eme  mode l  fo r  t he  spec t roscop ic  r e su l t s )  gave  a 
f u r t h e r  r e d u c t i o n  i n  s u r f a c e  p r e s s u r e .  The r e s u l t  o f  t h e s e  
two f a c t o r s ,  a r e d u c t i o n  i n  Ba/Bs and a l a r g e r  C 0 2  content . ,  i s  
t o  b r i n g  t h e  p o l a r i m e t r i c  a n d  s p e c t r o s c o p i c  d e t e r m i n a t i o n  i n t o  
ag reemen t   w i th in   expe r imen ta l   e r ro r .  No s u c h   e r r o r  i s  quoted 
f o r  t h e  p o l a r i m e t r i c  r e su l t s  because w e  fee l  i t  would be m i s -  
l e ad ing .  An e r r o r  i s  given  (see  Appendix 2.3) fo r   t he   deduced  
v a l u e  o f  Ba/Bs, de te rmined  by  cons ider ing  the  sca t te r  i n  d a t a  
p o i n t s  and u n c e r t a i n t i e s  i n  e x t r a p o l a t i o n  o f  p h o t o m e t r i c  d a t a .  
C o n s e q u e n t l y  t h e  e r r o r  i n  t h e  p r e s s u r e  d e t e r m i n a t i o n  i s  a t  
least  as g r e a t  as t h i s  a n d  p r o b a b l y  v e r y  much g r e a t e r .  The 
u n c e r t a i n t i e s  are due t o  a t  l eas t  t h r e e  f a c t o r s :  i n a d e q u a t e  
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knowledge  o f  t he  p rope r t i e s  o f  t he  Mar t i an  su r face ,  a tmosphe r i c  
s c a t t e r i n g  p r o p e r t i e s  a n d  a t m o s p h e r i c  a b s o r p t i o n .  
Some c a l c u l a t i o n s  were made t o  i n v e s t i g a t e  t h e  i n f l u e n c e  
of p a r t i c l e s  i n  t h e  M a r t i a n  a t m o s p h e r e .  T h e s e  showed that  v e r y  
small number d e n s i t i e s  were s u f f i c i e n t  t o  a p p r e c i a b l y  r e d u c e  
t h e   v a l u e   f o r   t h e   s u r f a c e   p r e s s u r e .   F o r  i ce  p a r t i c l e s  h a v i n g  
d i ame te r s  o f  0 . 2 ~ ~  for  example,  i t  was found  tha t  on ly  abou t  
7 .8  x 10 p a r t i c l e s  p e r  cm2-column were r e q u i r e d  t o  r e d u c e  t h e  
estimates o b t a i n e d  i n  t h e  v i s i b l e  a n d  u l t r a v i o l e t  r e g i o n s  o f  
t h e  s p e c t r u m  t o  a common v a l u e  o f  16.8 mb, which i s  i n  r e a s o n -  
ab le   ag reemen t   w i th   cu r ren t   spec t roscop ic   va lues .  We do n o t  
w i sh  to  sugges t  t ha t  t h i s  ag reemen t  p roves  tha t  t he  deduced  
number  and s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s  i s  a c t u a l l y  p r e s e n t  
i n   t he   Mar t i an   a tmosphe re .  The c a l c u l a t i o n  i s  simply  meant t o  
i n d i c a t e  two t h i n g s :  a) t h a t  t h e  p r e s e n c e  o f  f i n e  p a r t i c l e s  
(wh ich  wou , ld  no t  be  de t ec t ed  po la r ime t r i ca l ly )  l eads  to  an  
ove res t ima te  of t h e  s u r f a c e  p r e s s u r e  i f  n o t  a c c o u n t e d  f o r ,  a n d  
b )  t h a t  i t  i s  p o s s i b l e  t o  make t h e  p r e s s u r e  d e t e r m i n a t i o n s  
based on the W a l b e d o  a n d  t h e  v i s u a l  p o l a r i m e t r y  m u t u a l l y  
c o m p a t i b l e  a n d  c o m p a t i b l e  w i t h  t h e  s p e c t r o s c o p i c  r e s u l t s  u s i n g  
a v e r y  s i m p l e  p a r t i c l e  c o n f i g u r a t i o n .  
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C l e a r l y  several  d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  
composi t ions and concentrat ions could be imagined which would 
l e a d  t o  similar r e s u l t s .  It i s  our   p re sen t   l ack   o f   knowledge  
a b o u t  t h e  p a r t i c u l a t e  c o n t e n t  o f  t h e  M a r t i a n  a t m o s p h e r e  w h i c h  
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makes su r face  p re s su re  de t e rmina t ions  based  on  po la r ime t r i c  and  
pho tomet r i c  obse rva t ions  so  i n d e t e r m i n a t e  a t  this time. 
3. SPECTROSCOPIC  DETERMINATIONS OF SURFACE  PRESSURE 
3.1 Mart ian C 0 2  Abundance - 
Three   o f  the Mart ian C02 abun- 
dance have been made  by compar ing  labora tory  absorp t ion  measure-  
ments  of  the 5U3 C 0 2  bands wi th  equiva len t  wid ths  obta ined  f rom 
a Mar t i an   spec t rog ram  These   ca l cu la t ions   o f  C 0 2  abundance 11 
are independent  on ly  as f a r  as the l a b o r a t o r y  c a l i b r a t i o n  i s  
concerned;  a l l  three depend  on - one  spectrograph plate  t o   p r o -  
v i d e  the Mar t ian  C 0 2  absorp t ion .   Both   Kaplan ,   Mhch,   and   Spinrad ,  
(JWS) and Hanst and Swan used the equiva len t  wid th  g iven  by  
(KMS) f o r  the M a r t i a n  r o t a t i o n a l  l i n e s ,  a n d  o b t a i n e d  a C 0 2  
abundance by comparison with i n t e g r a t e d  a b s o r p t i o n s  for these 
l ines   deduced  f rom  laboratory  measurements .   The KMS paper  re- 
l i e s  on the i n t e g r a t e d   a b s o r p t i , o n . p r o v i d e d  by Rank e t  a l .  , 1 2  
.while Hanst and Swan provided independent  absorpt ion measurements  
o f  the 5V3 C 0 2  band. Owenfc o b t a i n e d   l a b o r a t o r y   s p e c t r a   f o r  a 
range  of p r e s s u r e s  a n d  o p t i c a l  d e n s i t i e s ,  a n d  f r o m  a comparison 
w i t h  the Mar t ian  spec t ra  es t imated  upper  and  lower  l imits  f o r  
the Mart ian C 0 2  abundance. The r e s u l t s  o f  these three d e t e r -  
mina t ions  o f  Mar t i an  C 0 2  abundance,as  presented by the a u t h o r s ,  
are g i v e n  i n  T a b l e  I. 
4~ I n  o r d e r  t o  i n s u r e  a n  o b j e c t i v e  a p p r o a c h ,  M r .  Owen d i d  n o t  
p a r t i c i p a t e  i n  the review of the papers  on th i s  s u b j e c t  o f  
which he was a c o n t r i b u t i n g  a u t h o r .  
~~~ ~ 
Table  I 




Hanst  and Swan 
C 0 2  Abundanc.e a t  200°K 
( m - a t m j  
50 + - 18 
46 + 20 - 
27 + - 1 2  (with the m - a t m  
de f ined  f o r  300'K) 
The KMS de te rmina t ion  o f  t he  Mar t i an  C02 abundance can 
be disc .ussed on the assumption that .  the a b s o r p t i o n  f o r  t h e  J = 8 ,  
10 and 1 2  l i n e s  i n  t h e  R branch of  the 5 4  C02 band i n  t h e  
Mart ian  spectrum  can  be  descr ibed by t h e  weak l i n e  approximation . 
The equivalent  width of  a weak a b s o r p t i 0 . n  l i n e  i s  e q u a l  t o  t h e  
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product  of l i n e  s t r e n g t h  times t h e  o p t i c a l .  d e n s i t y  of the  ab-  
so rb ing  gas ,  i . e . ,  W = Su,  where W i s  the e q u i v a l e n t  w i d t h ,  S 
i s  t h e  r o t a t i o n a l  1 , i n e  i n t e n s i t y ,  a n d  u i s  t h e  C 0 2  o p t i c a l .  
d e n s i t y .  The opt. ica1  dens.i ty  c.an be expres sed  as t h e  product  
of t h e  amount o f  gas <:w:) a l o n g  t h e  v e r t i c a l  p a t h  times t h e  
e f f e c t i v e  a i r  mass C q ) .  An ave rage   equ iva len t   w id th   o f  
5 x l o m 3  cm was de termined   for  t h e  R branch 2 = 8 ,  10 and 1 2  - 1. 
l i n e s  o f  the Mar t ian  5U3 C 0 2  band, Using Rank's d a t a ,   a d j u s t e d  
s l i g h t l y  t o  f i t  a Boltzmann d i ~ t r i b u t i o n ~ ~ ,  KMS e s t i m a t e d  a n  
i n t e n s i t y   o f  6 .3  x l o u 6  ern-'. pe r  c m - a t m  " NTP f o r  the e n t i r e  5V3 
band. 
The Martian C 0 2  abundance  obta ined  f rom the  inf ra red  
o b s e r v a t i o n s  i s  dependent  on  the e f fec t ive  Mar t ian  tempera ture  
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which is  somewhat  uncertain.  In (KMS) the  abundance was pre- 
sented  for  temperatures of 23O0K and 200GK, with 230°K appar- 
ently  the  preferred  val.ue. If recently  published  Martian  model 
atmospheres 37y38 are  used to estimate  the  effective  temperature, 
it  appears  that  a  temperature of 230°K is  probably  high. On 
the  basis of these  models  (Figure 4 ) ,  it  is  estimated  that  the 
temperature  corresponding  to  the  effective  broadening  pressure 
is  between 180°K and 220°K. In  our  analysis  the  abundance  for 
an  assumed  Martian  temperature  of 200°K is emphasized,  and 
variation of abundance  for  temperatures  in  the  range 150°K to 
250°K is  considered. 
Since the  KMS paper  was  published,  a  small  correction 
has  been  made in  the  air mass3' which  increases  its  va1.ue  from 
q= 3.6 to 7 = 3.9, and thus  reduces  the C02 abundance by about 
10 perc.ent. 
A small  correction  should  also  be  considered  to  account 
f o r  the  possibility of rotational.  1ine.s in  the  part of the R 
branch  returning  from  the  band  head  overlapping  with  the ro- 
tational.  lines  used  for  the  abundance  ca.lculation. The  wave- 
lengths of the  rotational  lin.es  for  these  higher J values 
(J " 4 0 )  are  apparently  not  reported in the  literature,  and 
accurate  calculations of the  positions of these  lines  cannot 
be  performed  because  the  rotational  constant (D) is not  known. 
If the  positions  are  calculated  with  the  expression 40 
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Fig. 4 Martian  Atmospheric  Temperature  Distribution 
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i t  is  f o u n d  t h a t  t h e  J = 8, LO and  12  l ines  a re  over lapped  by  
t h e  J = 40, 38  and 36 l i n e s ,  r e s p e c t i v e l y .  The r o t a t i o n a l  l i n e  
i n t e n s i t y  u s e d  by KMS was t h e  a v e r a g e  i n t e n s i t y  o f  t h e  l i n e s  
f o r  J = 8,  10 and 12, i . e . ,  
s =  c sJ/3 
J=8 , 10 , 12 
I f  o v e r l a p p i n g  d o e s  o c c u r ,  t h i s  " l i n e  i n t e n s i t y "  s h o u l d  i n c l u d e  
t h e  a v e r a g e  i n t e n s i t y  f o r  t h e  J = 36,  38 and 40 l ines ,  or 
Y- 
s =  ,?- s J / 3  
J=(8 ,36) (10 ,38) (1 .2 ,40)  
A t  a t empera ture  of  200"K, t h e  e f f e c t  o f  o v e r l a p p i n g  i n c r e a s e s  
the  va lue  of S by e ight  percent ,  and  reduces  the  C 0 2  abundance 
by a corresponding  amount.  Both K a ~ l a n ~ ~  and  Rank74  have 
s t a t e d  t h a t  R a n k ' s  l a b o r a t o r y  d a t a  i n d i c a t e d  no over lapping  
o f   t he  J = 8, 10 and 1 2  l i n e s .  Hence t h i s  c o r r e c t i o n  
should be cons idered  more as a n  u n c e r t a i n t y  u n t i l  t h e s e  d a t a  
a r e  made a v a i l a b l e  
To summar ize ,   the   ana lys i s  of t h e  C 0 2  abundance  obtained 
wi th  the  weak l ine  approxi .mat ion  sugges ts  the  fo l lowing  three  
c o r r e c t i o n s  t o  t h e  v a l u e  g i v e n  by (KMS), a l l .  o f  which tend t o  
r educe  the  amount of GO2 on Mars: 
1) The a i r  mass is = 3 .9   r a the r   t han   3 .6 ;  
2) The b e s t   e s t i m a t e  of  t h e   e f f e c t i v e   M a r t i a n  
tempera ture  i s  c o n s i d e r e d  t o  be 200°K r a t h e r  
than  230°K; and 
3 )  The l i n e s  for J = 8,  10 and 1 2  a r e  assumed t o  b e  
ove r l apped  wi th  h ighe r  J v a l u e  r o t a t i o n a l  l i n e s .  
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Based on these c o r r e c t i o n s  i t  i s  sugges.ted t . h a t  'w = 40 m - a t m  
i s  a more r e a l i s t i c  est.i.mat.e f o r  the ,weak l i ne  approx ima t ion .  
The effec.t of  a small. amount of s a t u r a t i o n ,  [see Appendix 3.1) 
i s  t o  i n c r e a s e  t h i s  value by 7.5 p g r c e n t ,  y i e l d i n g  a C02 abun.- 
danc.e of  4 3  m - a t m  a t  200°K. 
The u n c e r t a i n t y  t h a t  s h o u l d  b e  a s s o c i a t e d  wit.h t h i s  
abundance was e v a l u a t e d  by c a l c u l a t i n g  the r e l a t . i v e   e r r o r  44 e 
The d e t a i l s  of the method and the r e l a t i v e  e r r o r s  u s e d  f o r  each 
component i n   t h e   e q u a t i o n  are d e s c r i b e d   i n  Appendix 3 . 2  It 
should  be  emphas ized  tha t  the  r e l a t ive  e r r o r s  u s e d  i n  t h e  ca l -  
c u l a t i o n  were taken  as upper  and  lower  I . imits,  so t h e  f i n a l  
v a l u e s  o f  u n c e r t a i n t y  i n d i c a t e  t h e  e x t r e m e  limits of  the  abun-  
dance  ra t .her   than a probab1.e error. T h e  r e s u l t  of t h i s  a n a l y s i s  
y i e l d s  an  abundance of  4.3 + - 25 m - a t m .  
"""
Owen measured  absorp t ion  spec t ra  of t h e  5p3 C 0 2  bands 
f 'or op t ica l .  dens i .Lies  f rom 85  t o  3.50 m - a t m ,  and  found  t .hat   the 
1.aboratory path 1.engt'hs of 2 4 1  + -. 44 n-atm (at  T = 297 'K)  p ro -  
vide absorpt.icx1 i n t  ens ' i t i e s  comparab1.e to  the  Mar t i . an  abso rp t ion  
i n t e n s i t y .  awen was a b l e  ' to  use the  c .orr .cct .ed  value o f  t h e  a i r  
mass ( 3 . 9 j  t o  c o n v e r t  t h i s  C 0 2  o p t i c a l  d e n s . i t y  t o  a v e r t i c a l -  
path  Mart ian C02 abundance at: 300'K. The  Boltzmann d i s t r i b u t i o n  
was t h e n  a p p l i e d  t o  a c c o u n t  f o r  the temperature  dependence of 
r o t a t i o n a l  l i n e  i n t e n s i t y ,  a n d  t h e  r e s u l t i n g  v a l . u e  was m u l t i -  
p l i e d  by (273/297:1 to  provide  an  abundance  that. cor responds  t o  
s tandard  temperat .ure .  Owen inctluded the e f f e c t  on. the  abundance 
o f  0ve r l app : ing  ro t a t iona l  1 i . nes  in  the  R branch;  and,al . though he 
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cons idered  . the  over lapping  of  l i n e s  for J = 10 and J = 4 0 ,  t h e  
abundance wou1.d b e  a l t e r e d  by o n l y  two perc .ent  from h i s  value 
i f  the J = 10 and 38 l i n e s  o v e r l a p .  A s  ment.i.oned  above, th i s  
should p r o b a b l y  b e  c o n s i d e r e d  a n  a d d i t i o n a l  u n c e r t a i n t . y  i n  the 
f i n a l  r e s u k ,  t , h e  o n l y  q u e s t i o n  b e i n g  whether o r  n o t  t h e  c o r r e c t i o n  
fo r  overl .apping  should be  in.c.luded i n  t h e  a d o p t e d  v a l u e .  The 
C 0 2  abundance  de te rmined  in  th i s  manner i s  g iven  as 46 2 15 m - a t m  
a t  200°K. and 51 + " 1 7  m - a t m  a t  230°K. Owen has  not  account .ed 
f o r  t h e  e f f e c t  of a small amount of sa tura t lon ,  which  would  tend  
t o  i n c r e a s e  t h e  v a l u e  o f  t h e  C 0 2  abundance. 
Hanst a n d  Swan measured .the a b s o r p t i o n  . i n t e n s i t y  of t h e  
(unreso lved)  R. branch of t h e  5U3 band i n  t h e   l a b o r a t o r y .   T h e i r  
maxj.mum p a t h  Length w a s  about  400  m-ar:m l e a d i n g  t o  a maximum 
a b s o r p t i v i t y  s l i g h t l y  g r 2 a . t e r  t h a n  5% a t  the band  head.  Using 
t ' h e  weak-l ine approximation t .hey der ived t'he fo l lowing  values 
f o r  t h e  band i n t e n s i t y :  
- 
S = 0,0480 cm ''/km-at.m (300'K) 'IM = 2 3 O " K ,  
S = 0,05.14 cmcml/km-at,m (300°K.) TIvI = 2 0 0 " K ,  
where TM deno.res t h s  assumed mean tempera ture  f o r  t he  Mar t i an  
atmosphere.  
We h a v e  c o r r e c t e d  . t h e s e  i n t e n s i t i e s  by r educ ing  the  km- 
a t m  t o  NTP so  they  can  be  compared  wi th  the  o the r  va lues  d i s -  
c u s s e d  i n  this r epor , t .  We then   0b ta i .n  fo r  the   Mar t ian  C02 
abundance 
w = 23 m - a t m  (NTP) TM = 230°K 
w = 21. m - a t m  (NTP) TM = 200°K 
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Evaluating  the  uncertainties  associated with this work  in  the 
same  manner  as  in  the  preceding  two  cases,  and  again  choosing 
TM = 200"K, we find w = 2 1  + - 18 m-atm (see  Appendix 3.2). 
The  Martian C02 abundance  determinations  offered  by KMS 
and  by  Owen  are in  excellent  agreement  considering  the  uncer- 
tainty of both  measurements.  After  correcting  for  the  effects 
of saturation  and  the  overlapping  of  rotational  lines  the KMS 
abundance  is 43 (+ - 25) m-atm  compared to  Owen's  value of 
46 (+ - 20)  m-atm. The C02  abundance  is  a  function f  temperature 
through  the  temperature  dependence of the  rotational  line  in- 
tensity,  and  up  to  this  point  no  contribution  to  the  error  has 
been  included  to  account  for  the  temperature  uncertainty. The 
C02  abundance  from  both KMS and  Owen  is  plotted vs. effective 
Martian  temperature  in  Figure  5. The information  presently 
available  suggests  that  the  effective  Martian  temperature  is 
probably  between  180°K  and 220°K. If an average  temperature 
of 200°K  is used, the  uncertainty  in  the  abundance  should  be 
increased  by  about + - 3 m-atm to  account  for  this  temperature 
range.  From  this  analysis  it  would  appear  that  the  best  value 
of  C02  abundance  to  use in the  pressure  calculation is 45 + - 25 m-atm 
In  making  this judgment, we are  excluding  the  work of 
Hanst  and  Swan.  This  step  is  necessarily  somewhat  arbitrary 
since we have  not  found  any  errors  in  the  Hanst  and  Swan 
paper  which  would  account  for  the  large  discrepancy  between 
their  value  of  the  abundance  and  those  derived  by KMS and  Owen. 
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lower  weight :  should  be  ass igned  to  the AVCO r e s u l t s  b e c a u s e  
of the v e r y  small amount o f  abso rp t ion  ava i1ab l . e  fo r  measu re -  
ment. In add i t ion . ,   p re l imina ry   r e su l t s   ob ta : in . ed   by   Inn   u s ing  
a r e s o l u t i o n  similar t o  that  of H.anst and Swan appear  t ,o a g r e e  
w i t h  the Rank  ca .Libra . t i .on.   Inn  s t ressed the p o i n t  tha t  he f e l t  
a h igh  r e so lu t ion  s tudy  wou ld  be  r equ i r ed  be fo re  he would be 
c o n f i d e n t  of the r e l i a b i l i . t y  of ' h i s  de t e rmina t ion ,  bu t  a t  t h e  
present time, a v a i l a b l e  e v i d e n c e  a p p e a r s  t o  favor the lower 
v a l u e s  of a b s o r p t i o n   i n t e n s i t y ,   ( S e e   n o t e   p .  76 .) 
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The C02 abundance  ca l cu la t ions  of b0t.h KMS and Owen 
are v e r y  s t r a i g h t f o r w a r d ,  a n d  u t i l i z e  w e l l  known and acc:epted 
e x p r e s s i o n s  r e q u i r i n g  a minimum of s u b j e c t i v e  i n t e r p r e t a t i o n .  
It i s  b e l i e v e d  that  n o  l a r g e  e r r o r  i s  i n t r o d u c e d  i n  the com- 
putat : ion.al .   procedure.   Therefo.re ,  i f  the abundance  given i s  i n  
e r r o r ,  i t  i s  probable  t ha t  t.his e r r o r  i s  a s soc ia t : ed  with the 
b a s i c   d a t a   u s e d   i n  the ca:hcuI.at:i.o,ns.  In  the 'KMS ca lc .u l a t i . on  
such  an  e r ror  must  be  in t roduced  b y ; t h e  equiva1en. t  width,  th . e  
i n t e n s i t i e s  g i v e n  by Rank,  o r  i n  t h . e  u s e  of R a n k . ' s  I n t e n s i t i e s ;  
while i n  Owen's work, t he  equ i .va l . en t  w2dt.h and his  own l a b o r a t o r y  
. i nves t . i ga t ion  are  invo lved .  The determin.a,tio,n. o f  t he   equ iva -  
l en t  .w id th  :is o f  cour se  a very inaccura te  measurement ,  bu t  a 
l a r g e   u n c e r t . a i n t y  i s  a l r e a d y  at.t.ached t o  , this va lue .  The f a c t  
t h a t  o n l y  one. o b s e r v a t i o n  of the  Mar t ian  spec t rum was a v a i l a b l e  
i s  t h e  l a r g e s t .  b a r r i e r  t o  an expres s ion  o f  c o n f i d e n c e  i n  t h e  
equivalent  widt,h  measu.rements The 1 a b o r a t . o r y   c a l i b r a t   i . o n s  a re  
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m o r e  r e l i a b l e ,  b u t  t h e  work of H a n s t  a n d  Swan i n d i c a t e s  t h a t  a 
more  ex tens ive  inves t iga t ion  of t h e  5U3 a b s o r p t i o n  i n t e n s i t i e s  
i s  r equ i r ed .  
3 .2  The  Determinat. ion of the Mart.ian 
"N=_ .=_I_.__- 
Sur face  P res su re  
3 e 2 ., 1. Introduc  t , : ion - 
The M a r t i a n  s u r f a c e  p r e s s u r e  has been determined from 
inf ra red  absorp t ion  measurements  by  ICMS', by Owen and Kuiper 
( h e r e a f t e r   r e f e r r e d  t o  as ( O K j  ) and by Moroz16. The b a s i s  
f o r  t h i s  p re s su re   de t e rmina t ion  i s  t h e  f a c t  t h a t ,  e x c e p t  f o r  
weak l i n e s  . t he   i n f r a red   abso rp t ion   depends   on   bo th   t he   t o t a l  
gas   p re s su re   and  the C 0 2  o p t i c a l   d e n s i t y .   S i n c e   t h e  C 0 2  abun- 
dance i s  k.nown from measurements of the weak l . i ne  abso rp t ion  
of  the 5U3 C02 band, t he  st .rong l i n e  a b s o r p t i o n  can be reduced 
t o  a. funct , ion  of   pressure  a1on.e .  KMS used   ava i lab le   measure-  
ments of abso rp t ion  for. t h e  s t r o n g  C 0 2  bands near 2~ ar ld  ca l -  
c u l a t e d  t h e  p r e s s u r e  f r o m  ( a >  t h e  exponen t i a l  l a w  f o r  a b s o r p t i o n  
and  (b)  the  band  model  for strong absorp t ion   1 . ines .  2.n t h e  
work  of (OK), equ iva len t  w id ths  were ob ta ined  f o r  t h e  1..6;;. C 0 2  
bands over a range  of p r e s s u r e s  a n d  o p t i c a l .  d e n s i t 4 e s ,  a n d  the 
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p r e s s u r e  was deduced by a comparison of t .h i s  d a t a  w i t h  the ob- 
served  Mar t i . an  equiva len t  wid th ,  Moroz a .ppl ied  an  Elsasser band 
model. t o  d e t e r m i n e  t h e  r e l a t j c r n  b e t w e e n  o p t i c a l .  d e n s i t y  an.d 
pressure  f rom 'h i s  observa t : ions  of t h e  106p and 2~ GO2 bands ,  
adopt ing the abundance given by KMS t o  s o l v e  f o r  t h e  s u r f a c e  
47 
p r e s s u r e .  As t he i r  f i n a l  r e s u l t ,  Kaplan, Mhch and  Spinrad  gave 
a M a r t i a n   s u r f a c e   p r e s s u r e  of 25 + - 1 5  mb, Owen and Kuiper gave 
a p r e s s u r e  of 1.7 + - 9 mb (i 3 p r o h ,   e r r o r )  , and Moroz gave a 
p r e s s u r e  of 1.5 -5 mb e 
M :ar t i  
3 . 2 . 2  The  Pressure  Deri .vat ion of K a  
MEnch a n d  S p i n r a d l l  
I n  t h e  KMS paper ,  three d i f f e r e n t  c a l . c u l a t i o n s  of the 
on s s 45 a n  p r e s s u r e  were presented  which were based  on (a> S i n t  
measurements of Martiar, a b s o r p t i o n  a t  2p, (b)   Kuiper 's   obser-  
v a t i o n s  of  Mar t i an  abso rp t ion  a t  2 p 4 6 ,  and ( c )  Kuipe r ' s  equ iv -  
a l e n t  w i d t h  f o r  M a r t i a n  a n d  M a r t i a n  p l u s  , t e l l u r i c  a b s o r p t i o n  a t  
2 i 1 ~  The pressure   ca1c .uI .a t ions   in  the first.  two methods are  ob- 
ta ined  by  f ind : ing  c0ndi . t ion .s  for  which  the  s t rong  C02 1 in . e  ab- 
sorpt : ion on Mars i s  equaL t o  a known a b s o r p t i o n  i n  e i ther  (1) 
t h e   E a r t h ' s   a t m o s p h e r e ,   o r  (2 )  a l abora to ry   expe r imen t .  The 
absorp,t . ion i s  desc r ibed  by an express , ion of  the form 
-k d 
A = L ( 1 -  e u ,  d U ,  
where k y i s  the a b s o r p t i o n  c o e f f i c i e n t ,  u i s  t h e  o p t i c a l  d e n s : i t y ,  
and u i s  the wave n,umbero Wwn , the  'two abso rp t . i ons  are e q u a l ,  
t.he  components are  a l s o ,  a n d  s:in.ce t h e  opL.ica3. d e n s i t y  i s  known 
from t h e  C 0 2  abundance  and .the geometry o f  t . he  obse rva t ion ,  t he  
p r e s s u r e  c.a.n be  c.al.cu:lated i f  t .he  pressure dependence of t 'he 
a b s o r p t i o n  c . o e f f : i c i e n t  i s  known, 
48 
KMS u s e d  t h e  a b s o r p t i m  c o e f f i c i e n t  f o r  a series o f  
p r e s s u r e - b r o a d e n e d  n o n - o v e r l a p p i n g  r o t a t i o n a l  l i n e s  t h a t  are 
comp1et.el.y  satura.t.ed  out.  t.o several. Dcpphr  wid . ths ,  which 
appears  'to be a reasonably  ac .cu . ra t .e  descr ip t ion  of  t-he p h y s i c a l  
s i t u a t i o n  . When absorp t ion   by  .t:he ent i re  band i s  consfdered ,  
t.he  temperature  depen,denc.e of t h e  Boltzmann f a c t o r  (e 
that  accounts  f o r  t h e  d i s t r : i b u t , i o n  of popuI.ation i n  various 
ro ra t . i ona l  1 . eve l s  i s  e.Llm:inated by in t eg ra t ing  ove r  che  band .  
8 
-E/kT) 
S : i n . t ~ n ~ ~  obse rved  tha t  the Ma.rtian absorp.t:ion a t  the 
c e n t e r  of  t h e  2p  bands .is equi-val.ent t o  a n  inc . rease  of 1.86 a i r  
masses f o r  the Ear th ' s  a t .mosphere ,  so t h e  effec:t ive  Martian 
pressure  can  be  de te rmined  by l e t t i n g  k l u l ,  = 1 , 8 6  k2u2  (where 
t h e  s u b s c r i p t s  (1) and (2) r e f e r  t o  t h e  E a r t h  and Mars, 
respec, t . ively.  
The estimate of t h e  Mar t im 'pressure  made  w i t 1  K u i p e r ' s  
2p C02 l abora tory  and  Mar t lan  absorp t ion  measurements  was 
accompI.:ished .in a sim.i l a r  ma.nner, by determ.ir l : ing laboratory 
co ,ndi t ions  for  .which  the  products  o f  abso r .p t ion  coe f f i c . i en t  
times opt ica .1  dens i ty  should  be  equal .  f u r  the 1.aboratory con- 
d.it.:ions and OR Mars 
A t .h i rd  estimate of  t h e  p r e s s u r e  was made us ing  equlv-  
a 1 . e n . t  w.idths of  the  Zp C02 bands obtatned from Ku.iper ' s  d a t a .  
It. was assumed that . these equ.ivaI.ent.  widths can. be r e p r e s e n t e d  
by the s t r o n g  1 in .e  approx.imat.i.o,n s o  t h a t  t h e  M a r t i a n  p r e s s u r e  
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Our review o f  t.hese p res su re  ca1c :u l a t ions  r evea l s  no  
se r ious  d i sag reemen t  w i t h  e i t h c r  the methods o r  t h e  a s s u m p t i o n s  
o f  KMS. The f i n a l .  v a l u e s  of  p r e s s u r e  g i v e n  i n  th:is r e p o r t  t.here- 
f o r e  d i f f e r  f r o m  t h e i r s  on ly  because of the change i n  t h e  abun- 
dance estimate descr ibed  above .  
The u n c e r t a i n t y  a s s o c i a t e d  w i t h  thes? p r e s s u r e  d e t e r -  
mina t ions  has  becn  ca l cu la t ed  i n  t h e  same way as t h o s e  f o r  t h e  
602 abundance, i , e . ,  upper  and  lower l imits  w e r e  determined by 
add ing  the  r e l a t i v e  e r r o r s  f o r  t h o s e  p a r a m e t e r s  i n v o l v e d  i n  the 
computation. She detaA1.s of  the e r r o r   c a l c u l a t i o n s  a re  g iven  
i n  Appendix 3 , 3 .  Tine l a r g e s t  u n c e r t a i n t y  i n  , t h e   p r e s s u r e   c a l -  
c u l a t i o n  i s  t h a t  a s s o c i a t e d  w i t h  t h e  abundance;   s ince  the  abun-  
d a , n c e  e n t e r s  d i r e c t l y  i n t o  t h e  p r e s s m e  i n  a l l  t h r e e  c a l c u l . a t i o n s ,  
the r e l a t i v e  e r r o r s  f o r  t h e  p r e s s u r e  are i n  a l l .  cases larger 
than  t .hat  o f  the  abundan.ce. While the e f f e c t .  o f  C 0 2  sel..f- 
b roaden ing  en te r s  i n t o  all the  c .a l .cuI .a t ions ,  on ly  the p r e s s u r e  
determined from Kufper " s  2~ C02 l abora tory  absorp t ion  measure-  
ments i s  d i r ec t ly   dependen t  on t h e  s e h f - b r s a d e n i n g   f a c t o r .  An 
uncerta, int .y i n  t h e  p r e s s u r e  det.erm.i.ned with Marti.an. a n d  t e l l u r i c  
e q u i v a l e n t  w i d t h s  o f  t-he Zp C 0 2  bands that  cannot  be  comp1etel.y 
eva.Luat.ed i s  the  a s sumpt ion  tha t  t hese  eqwiva len t  w id ths  can  
be   r ep resen ted  by the s t rong   l i ne   approx ima t ion ,   A l though  i t  
i s  s t a t ed  t h a t  t h i s  i s  ev ident  f rom the d a t a  o f  Howard, Burch, 
I 
and Williams47, bo th  va lues  of equ iva len t  w id th  are  i n  f ac t  
o u t s i d e  the range  of this  da ta ,  and  i t  i s  n o t  c e r t a i n  e i ther  
that  (a) these e q u i v a l e n t  w i d t h s  are propor t i .ona1  t o  (pu) 2 , 
o r   ( b )  t ha t  both  have the same dependence  on  pu. From their  
p o s i t i o n  on the curve  of growth i t  a p p e a r s  t h a t , i f  the squa re  
roo t  approx ima t ion  i s  n o t  a v a l i d  r e p r e s e n t a t i o n  o f  t he  equ iva -  
l e n t  w i d t h s ,  these v a l u e s  w i l l  s t i l l  b e  p r o p o r t i o n a l  t o  the 
s q u a r e  r o o t  of p r e s s u r e ,  b u t  p r o p o r t i o n a l  t o  a h i g h e r  power 
of t h e   o p t i c a l   d e n s i t y .  If t h i s  were t h e  case, the dependence 
of  the t e l l u r i c  e q u i v a l e n t  w i d t h  w o u l d  p r o b a b l y  b e  e q u a l  t o  o r  
g r e a t e r  t h a n  tha t  of  the M a r t i a n  l i n e s ,  a n d  i f  g r e a t e r ,  the 
Mar t i an   p re s su re   wou ld   be   l a rge r   t han   g iven   he re .  It i s  n o t  
p o s s i b l e  t o  e v a l u a t e  t h i s  u n c e r t a i n t y  w i t h o u t  a d d i t i o n a l  l a b -  
o r a t o r y  o b s e r v a t i o n s  o f  t h e  2 . 0 6 ~  band equiva len t  wid ths  as a 
f u n c t i o n  of p r e s s u r e  a n d  o p t i c a l  d e n s i t y ,  
The r e s u l t s  o f  the r e v i s e d  p r e s s u r e  c a l c u l a t i o n s  are  
summarized i n  T a b l e  11. 
Table  11 
REVISED  PRESSURE  CALCULATIONS 
St rong  Band Data P r e s s u r e  (mb) 
S i n t o n ' s  2p band  data 34 + - 30 
Kuipe r ' s  2~ band  lab  comparison 36 + - 31 
Kuipe r ' s  2p band equiva len t  
wi.dt.hs 30 + - 29 
From o u r  review of t h e  KMS Mart-fan pressure c:al.:ulat,ions i t  i s  
concl.uded t-hat t.he b e s t  est :-mate of 'the pressure that  can be 
made with their  d a t a  :is 33 - + 30 m'b r a th . e r  t.'han 2 5  + c" 15 mb. The 
p r e s s u r e  g i v e n  h e r e  i s  h i g h e r  than  , tha t  cf KMS because (a} a 
co r rec t ' i on  has been made for an  appa ren t ly  e r roneous  va lue  of 
a i r  mass, ( b )  i t  i s  be l - ieved  that: . the   temperature  of 230°K 
used  by kTvS i s  approximate ly  30°K higher. t h a n  warranted by 
present ly   ava i l . ab1 .e   in format ion ,   and  kc:! t h e  e f f e c t  of  overl .apping 
r o t a t i o n a l  l i n e s  'was a.ppa.rent l y  not.  .i:nc.i.uded by KMS. Thus t h e  
in .c rease  i n  p r e s s u r e  i s  d u e  t o  t h e  d e c r e a s s  i n  C02 abundance 
t h a t  r e s u l t s  f r o m  t h e  c o n s i d e r a t i o n  of these t h r e e  f a c t o r s .  
3.2.3 The  Pressure   Der iva t ion  o f  
""."""I V"" .. "- 
"_" ."" " ".Owen a n d  KLiper 
Owen and K u i p t . r 1 5  determined t h e  M a r t i a n  s u r f a c e  
'p ressure   us ing  the  1 . 6 ~  Co2 bands,  f o r  which the   average   equiva-  
l e n t  w i d t h  o f  the  Mart ian  bands i s  15.8 A Equiva len t   wid ths  
of the l..6p C 0 2  bands  were  determined i n  t h e  l abora to ry  ove r  
a range  of p re s su r s s  and o p t . i c a l  d e n s i t i e s  f o r  gas  mi ,xtures  of  
1.00% COZ, . lO??  (LO -9O'Z N a n d  2 5 %  C;02-?5?  N a n d  pl .ot , ted vs.  2 2 '  2 '  
p r e s s u r e  f o r  ea.c,h opc j.ca1. dcns i . t y ,  I n  p r : i .n i i ,p l .e  t .he  e f fec t ive  
014 
Martian pressu . re  can be obtained from t h e  i n t e r s e c . t i o n  of t h e  
l i n e  r e p r e s e n t i n g  the Mart . ian equivalent  width w.i th  t h e  curve  
f o r  the equiva1.ent widr ' l l  de te rmined  .in the l a b o r a t o r y  t h a t  
cor responds  t o  the   Mar t l an  C 0 2  abundance.  However, a comple te ly  
empir ical   dete , rminat . io .n  i s  not possib1.e  because the  pa th   l eng ths  
ava:iLab!.e in t h e  i.a.hora.tory are  m1.y  a b c u t  IO percen t  of t h o s e  
r e q u i r e d  t.o s imul .a te  the Martian c o n d i t i o n s .  The  . i n t e r c e p t  of 
t h e  line r e p r e s e n t i n g  t h e  Marrian equiva.L.ent wid.t.'h with an  
extrapol.a.t.ed  curve  .inte;?.ded t o  repr'eserrt" che Mart.ian abundance 
was determined f o r  t h e  t h r e e  gas mixtures  used  and  the r e s u l t i n g  
p r e s s u r e s  were compared w i t h  t h e  computed weight of an  at.mo- 
s p h e r i c  column of . t h i s  gas  on Mars. 'I-he Martian s u r f a c e   p r e s s u r e ,  
determin.ed from the intersecti,oz:. of' a p l o t  of measured  pressure  
v s ,  c .aLc:ul .a ted pressu ' re  with a straight li,ile o f  umit  sl .ope,  w a s  
1 7  + - 9 mb (+ " 3 p r o 5 .  e r r o r ) .  
'Re c r i t i c a l  p o i v t  i n  the (OK) p rz s su re   de t e rmina t ion  
.is t h e i r  extrapolation t o  o p t i c a . l  d e n s i t i e s  c o r r e s p o n d i n g  t o  
t h e  Marcim a-tmospher-e The ec4uivalent w i d t h  d a t a   h a s  been 
examined i .n  a'n e f f G r t  'tc? determ,irie what ext.rapo:.a. t ion m:ight  be 
justified, and t o  provld;. a n  estimate of L'he uncer t .a in ty  
assoc Laced w:i t h  t h i s  2xcrap; :a t  i c n  '!he deprndt.nce of e q u i v -  
a l e n t  widt.11 3 t 1  o p t  ic.a-! dw-,sity ,ind p r e s s u r e  was determined on 
the assumpa-..ior. that t.'tle equival.ent widt.tis tail be expressed by 
tne relation 
w = c p  l / a .  J../b u 
a,nd the constar1t.s a and h were determ.i,ned by t.he met'hod of least  
squa res .  I n  F igs .  6 a n d  7 t'he values  of b and the A log W 
that would r e s d t  frcm dcub l ing  t h z  amounz: of gas are p l o t t e d  
vs. the loga r i t ' hmic   p re s su re ;  a stmilar p lo t :  of a vs. the 
l.ogar.i.thm of  o p t i c . a l  dertsi ' t  y :IS shown i n  F i g u r e  8 e The c o r r e s -  
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The r e s u l t s  o b t a i n e d  i n  t h i s  ana lys i : ,  are c o n s i s t e n t  
w i t h  t h e  g e n e r a l  b e h a v i o r  of a b s o r p t i o n  w i t h  p r e s s u r e  a n d  
o p , t i c a l   d e n s i t y  (see Appendix 3 . 4 ) .  For   curves  of c o n s t a n t  
p r e s s u r e ,  a t  a g i v e n  v a l u e  of  the  product  pu , the  exponent  of  u 
i s  lower f o r  lower  pressures  because  the t r a n s i t i o n  t o  the 
squa re  roo t  r eg ion  (b  =: 2)  and  the  t r ans i t i on  beyond  this  
r eg ion  (b  > 2) occ,ur a t  lower values of  t he  p roduc t  pu f o r  
l ower   p re s su res .  Thus i t  i s  expec.ted,   and  observed by ( O K ) ,  
t h a t  t h e  v a l u e s  of  ( l / b )  s h o u l d  d e c r e a s e  g r a d u a l l y  as t h e  
p r e s s u r e  i s  i n c r e a s e d .   S i m i l a r l y ,   r h e   e x p o n e n t   ( l / a )  of t h e  
p r e s s u r e  i s  a dec reas ing  func t : i on  o f  o p t i c a l  d e n s i t y ,  a n d  o n l y  
approaches a square  root   depen.dence a t  t h e  l a r g e s t  o p t i c a l .  
d e n s i t i e s   c o n s i d e r e d .  These r e su . l t s   imp ly   t ha t  the  e x t r a p o l -  
a t i o n  of  the l a b o r a t o r y  d a t a  t o  Mart:ian C02 abundances should 
b e  c a r r i e d  o u t  w i t h  a pressure  dependent  va lue  for A l o g  W ;  
i f  a t  t h e  low p r e s s u r e s  one uses t h e  squa re  root approximat ion ,  
t h e   p r e s s u r e  w.i.17. b e  unde res t ima ted ,  The s u r f a c e   p r e s s u r e s  
o b t a i n e d  w i t h  t.he pressure  dependent .  ex t rapola t ion  and  the  
squa re  root approximation are compared w i t h  t h e  v a l u e s  g i v e n  by 
(OK) i n   T a b l e  111. (The d e t . a i l s  of t h e s e   e x t r a p o l a t . i o n s  are 
g i v e n   i n  Appendix 3..5) e 
Table I11 
PRESSURE  DEPENDENT AND SQUARE ROOT 
PRESSURE  DETERMINATIONS 
Gas Mixture  
2- 
S u r f a c e   P r e s s u r e  (mb) 
% co Pressure  Dependent  Square Root (OK) 
100 13.4 9.6  9 .6  
25 14.0 12.0  16.0 
10 24.0 15.0 19.0 
An a l t e r n a t e  method o f  p r e s e n t i n g  t h e  d a t a  o f f e r e d  by 
(OK) provided upper and lower l i m i t s  o f  t he  Mar t i an  p re s su re  
t h e  a v e r a g e  v a l u e  of b f o r  t h e s e  p r e s s u r e s  i s  2.4,  and i t  
impl i e s  a c o r r e c t i o n  t o  l o g  W f o r  d o u b l i n g  t h e  amount o f  gas  
of A l og  W = 0.13. They  sugges t ed  tha t  fo r  cu rves  o f  cons t an t  
p r e s s u r e ,  t h o s e  w i t h  p r e s s u r e s <  20 mb a p p r o a c h  t h i s  20-40 mb 
curve  a sympto t i ca l ly  f rom the  l e f t ,  w h i l e  t h o s e  f o r  p r e s s u r e s  
> 40 mb a p p r o a c h   t h i s   c u r v e   f r o m   t h e   r i g h t .   S i n c e  a l l  t h e  
p r e s s u r e s  o b t a i n e d  w i t h  t h e  f i r s t  m e t h o d  were less than  20 mb, 
t h e  i n t e r s e c t i o n  o f  t h e  20-40 mb c u r v e  w i t h  t h e  h o r i z o n t a l  l i n e  
I 
r e p r e s e n t i n g  the Mar t i an  equ iva len t  w id th  shou ld  p rov ide  an  
upper l i m i t  f o r  the p r e s s u r e .  The lower l i m i t  i s  obta ined   by  
e s t i m a t i n g  the l o c a t i o n  of  t h e  i n t e r c e p t  a t  low p r e s s u r e s ,  f o r  
which there are no measured   equiva len t   wid ths .  The upper  l i m i t  
i s  de te rmined  wi th  much g r e a t . e r  p r e c i s i o n  t h a n  the lower l i m i t .  
The  method of obtaining upper  and lower limits f o r  the p r e s s u r e  
appea r s  t o  be  phys ica l ly  r easonab le  ( see  Append ix  3 .3 ) , and  the 
v a l u e s  of  these l imits  are p robab ly  more  s ign i f i can t  t han  the  
v a l u e  of P = 1 7  mb. 
I n  (OK), t he  uppe r  l i m i t  was e s t a b l i s h e d  u s i n g  the 
Mar t ian  C02 abundance o f  46 m - a t m  and an equivalent  wid. th  of  
15.8 A f o r  t h e  1 . 6 ~ .  bands  on Mars; n o  e r r o r  o r  u n c e r t a i n t y  was 
a t t a c h e d  t o  e i t h e r  the abundance   o r   equ iva len t   w id th ,  We have 
c o n s i d e r e d  t h e  e f f e c t  o n  t h e  pressure l imits  of the u n c e r t a i n t y  
i n  the abundance  and,  based  on Kuiper's comment5' t h a t  t h e  
acc.uracy of the absorpt ion measurements  i s  bet.ween 2 10 a.nd 
+ - 15 pe rcen t , ,   have   cons ide red   t he   e f f ec t  of  + - 10 pe rcen t  vari- 
a t i o n s  i n  the equ iva len t   w id ths .  These r e s u l t s  are  summarized 
i n  T a b l e  I V .  
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Table  I V  
UNCERTAINTY I N  PRESSURE  FOR ERRORS I N  C02 
ABUNDANCE C l m T  WIDTHS c2 (AW) 
Range of x Upper L i m i t .  Upper L i m i t  
SO, (mb !E1 (nu)  52 CF,, (mb) 
100 11.7 +5.8, -2.9 + 2.9 +8,7, -5.8 20.4 -5.9 
25 17.6 +8.8, -4.4 + - 3.5 +12.3,-7.9 29.9 -9.7 
-
10 22.2 +11.1,-5.5 + - 3.3 +14.4,-8.8 36.6 -13.4 
The e f f e c t  on t h e  adop-Led v a l u e  o f  17 mb of unce r t a in -  
t i es  i n  the Mar t ian  C 0 2  abundance and the 1 . 6 ~  C02 e q u i v a l e n t  
wid th  was e s t i m a t e d  f r o m  t h e  i n t e r s e c t i o n s  o f  l i n e s  r e p r e s e n t i n g  
maximum and minimum values  of  equiva len t  wid th  and  abundance  on 
a log-log p l o t  o f  e q u i v a k n t  w i d . t h  vs. p r e s s u r e ;  the adopt.ed 
v a l u e  of p r e s s u r e  becomes 17 mb (+l4 ,  -9) e (The e r r o r  f o r  the 
abundance used here does  no t  accoun t  fo r  the tempera ture  uncer -  
t a i n t y ,  i o e s y  i t  i s  assumed the tempera ture  i s  200'K.) 
3.2.4 The Pres su re   Der iva t ion  of Moroz 
" ___n 
Morozl'  measured the equiva1en.t. .widths o f  the s t r o n g  
C 0 2  ban.ds nea r  1 0 6 ~  ( four  bands)  and a t  2,061: i n  t h e  s p e c t r u m  
o f  Mars. Using a cu rve  of growth  obta ined  f rom observa t ions  of 
t h e  same b a n d s  i n  t h e  t e l l u r i c  s p e c t r u m ,  he c o u l d  s u b t r a c t  t h e  
t e l l u r i c  component  and  obta in  the  Mar t . ian  equiva len t  wid ths .  
Again  us ing  the  observa t ions  o f  the t e l l u r i c  bands,  he f i t t e d  
t,hem w i , t h  an  Elsasser band model 5 2 y 5 3  to d e r i v e  a v a l u e  f o r  t h e  b a n d  
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i n t e n s i t y  S. Knowing S ,  he  cou ld  app ly  the  Elsasser model t o  
t h e  M a r t i a n  b a n d s  a n d  s o l v e  f o r  t h e  p r o d u c t  o f  t h e  o p t i c a l  
d e n s i t y  u a n d  t h e  s u r f a c e  p r e s s u r e  p .  Moroz was compe l l ed  to  
r e l y  on the same obse rva t ion  of  t h e  weak 5 4  band as t h e  o t h e r  
workers  t o  o b t a i n  a va lue  o f  u. He adop ted  the  KMS va lue  o f  
u = 55 + - 20 m - a t m  and  found a s u r f a c e   p r e s s u r e   o f  15 +I5 -5 mb. 
We have  r epea ted  Moroz '  ca l cu la t ions  co r rec t ing  an  
a p p a r e n t  a r i t h m e t i c a l  e r r o r  a n d  u s i n g  s l i g h t l y  d i f f e r e n t  v a l u e s  
f o r  some of   the   parameters .  The mos t   imlo r t an t   o f   t hese  
r ev i s ions  were  a c h a n g e  o f  t h e  a d o p t e d  t e l l u r i c  C 0 2  abundance 
(from 320 ~ m - a t m ~ ~  t o  260 cm-atm) 5 9 y 6 1  and  the  inc lus ion  o f  t he  
t empera tu re  dependence  o f  t he  ha l f  w id th  o f  t he  ro t a t iona l  l i nes  
and of t h e  band  ha1.f  width. We a l s o  u s e d  t h e  same va lue  o f  u 
which was adop ted   i n   ou r   d i scuss ion   o f   t he  C 0 2  abundanc.e. The 
ne t  effect of these  changes  was smal l  s ince  they  , t . ended  to  com- 
pensa te   each   o ther .  The assessment  of  u n c e r t a i n t i e s  was l e s s  
d i . r e c t  t h a n  f o r  t h e  o t h e r  two pres su re  de t e rmina t ions  s ince  we 
d i d   n o t   e x a c t l y   d u p l . i c a t e  Moroz ana l .y t i ca1   t echn ique .  Unc.er- 
t a i n t i e s  w e r e  a d d e d  t o  h i s  maximum d e v i a t i o n s  t o  account  f o r  
e r ro r s  i n  the  measu remen t  of the equivalent width and t .he band 
h a l f   w i d t h .  Th.e final r e su l t  was 
P = 1.3 Ti5 mb. 
The d e t a i l s  o f  the  c .a l .c .u l .a t ion  of  uncer ta in t ies  may be found i n  
Appendix 3 . 6 .  
3 3 Conclusions 
The most  important  conclusion that  can be drawn from 
the i n f r a r e d  o b s e r v a t i o n s  i s  t h a t  t'he M a r t i a n  s u r f a c e  p r e s s u r e  
i s  lower  than  t .he  prev ious1 .y  accepted  va lue  of  90 mb provided 
by Do l l fus  ' polar iza t ion  measurements  ., The l a r g e s t  c o n t r i b u t i o n  
t o  t h e  u n c e r t a i n t y  i n  t h e s e  p r e s s u r e  d e t e r m i n a t i o n s  i s  t h e  e r r o r  
a s s o c i a t e d   w i t h   t h e  C02 abundance.  Although  the u l t ima te  
accuracy  of t he  p re s su re  measu remen t  wf th  these  in f r a red  t ech -  
n iques  i s  l i m i t e d  p r i m a r i l y  b y  the p r e c i s i o n  with which  the  
abundance i s  known, when t h e  p r e s s u r e  i s  c a k u l a t e d  u s i n g  the 
extreme limits of a l l  pa rame te r s , t he  uppe r  l i m i t  i s  about  'two- 
t h i r d s  o f  the p r e v i o u s l y  a c c e p t e d  90 mb. 
1.t shou1.d  be  emphasized tha t  a l l  three. p r e s s u r e  d e t . e r -  
mina t ions  (KMS, OK and  Moroz)  u,til.iz.e  t .he  Martian C02 abundance 
de te rmined  f rom the  s ing le  spec t rog raph  p l a t e  ob ta ined  by (KMS). 
The extreme Limits of  t h e  C02 abundame are i n c l u d e d  i n  t h e  
u n c e r t a i n t y  g,iven f o r  t h e  p r e s s u r e ,  b u t  s i n c e  o n l y  o n e  measure- 
ment e x i s t s  t h e r e  i s  a t  l eas t  a remote  chance that  subsequent  
measurements w i l : I .  f a l l  o u t . s i d e  t h e  e r r o r  1:imits a s s i g n e d  t o  
the abundance measurement ,  and every effor t  should be made t o  
o b t a i n  c . o r r o b o r a t i o n  of t h e s e  o b s e r v a t i o n s .  
'The l a r g e  u n c e r t a i n t y  a t t a c h e d  t o  t h e  KMS p r e s s u r e  
de t e rmina t ions  shou ld  not b e  t a k e n  t o  i m p l y  t h e i r  c a l c u l a t i o n s  
are less a c c u r a t e  t h a n  e i t h e r  OK o r  Moroz. There are two 
reasons  why t h e s e  u n c e r t . a i n t i e s  are  h i g h e r  t h a n  f o r  OK o r  
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Moroz. F i r s t ,   s i n c e  w e  are cons ide r ing  re la t ive  e r r o r s ,  a 
h i g h e r  p r e s s u r e  i s  g iven  a l a r g e r  u n c e r t a . i n t y  than,  a lower one,  
even i f  the re la t ive e r r o r s  are equal,   Second, the met.hod used 
by KMS t o  c , a l cu la t , e  the p r e s s u r e  i s  v e r y  s t r a i g h t f o r w a r d ,  For 
the e m p i r i c a l  me,thod used by OK, the de te rmina t ion  of the un- 
ce r t a in ty  canno t  be  accompl i . shed  w i t h  t h e  s t a t i s t i c a l  approach,  
and  one i s  led t o   a n   e m p i r i c a l  estimate o f  the u n c e r t a i n t y .   I n  
the case of Moroz, t.here was i n s u f f i c i e n t  time t.o comple te ly  
e v a l u a t e  the un .ce r t a in t . y  a s soc i . a t ed  w i t h  his p r e s s u r e  d e t e r -  
mina t ion ,  s o  th,is e r r o r  s h o u l d  a l s o  b e  c o n s i d e r e d  rather 
approximate.  I n  compar ing   t he   unce r t , a in t i e s   a s soc ia t ed  w i t h  
the three p r e s s u r e  d e t e r m i n a t i o n s  (KMS, OK and  Moroz), a s imple  
t a b u l a t , i o n  of e r r o r s  o r  a graphiz.al.  disp1.ay o f  errors  ba r s  i s  
a convenient.  p0rt .raya.l .  o f  t h e  r e s u l . t s ,  b u t  i t  i s  n e c e s s a r i l y  un- 
f a i r  t o  KMS. 
The surface pressures obta . i ,ned with the t h r e e  methods 
v a r y  by a f a c t o r  of two even when the same CQ2 ahmdance  i s  u s e d .  
Th i s  i s  a n  i n d i c a t i o n  of t.he uncertair,t.y  :in.volved :in u s i n g   t h e  
st .rong band  absorpt io ,n  d a t a .  Two p o s s i b l e   s o u r c e s  o f  t h . i s  un- 
c e r t a i n t y  are (1.) .the e r r o r  a s s o c i a t e d  w i t h  t h e  s t rong  band 
absorpt ion  measurements ,   and (2)  t h e  e x p r e s s i o n  of t h i s  s t . rong  
band absorpt . ion i n  terms of: a n  a b s o r p t t o n  c.oeff:i.cient. or equiv-  
a l e n t  w i d t h .  
I n  KMS the  s t rong  band  abso rp t ion  da ta  was represent .ed  
i n  three differe.nt-:  ways: (.L) a n  a b s o r p t i o n  c o e f f i c i e n t  f o r  non- 
o v e r l a p p i n g  p r e s s u r e  d e p e n d e n t  l i n e s ,  (2)  a comparison of 
Martian and 1.aborat .ory absorpttion spec t r a , ,  and  (3)  an assumption 
that  a representa t . i .on  of the equ iva len t  w id ths  wi th  t . he  s t . rong  
l i ne   approx ima t ion  :is v a l i d ,  The f:irst two a p p e a r   t o   b e   j u s t : i -  
f i e d ,  a n d  a l t h o u g h  t h e  v a l : i d i t y  of the a s su .mpt ion  tha t  t he  
e q u i v a l e n t  w i d t h s  f i t  t h e  s t r o n g  l i n e  approximation i s  not. com- 
p l e t e l y  o b v i o u s ,  a l l  three methods  y ie ld  approximate ly  the same 
p res su re .   S inc : e   . t h i s   p re s su re  i s  approximate ly  twi.ce t h a t  
given by Moroz, a cons ide ra t i . on  of the  assumpt ions  made i n  t h e  
l a t t e r  work i s  i n  o r d e r  
Moroz assumes t .hat  the absorp. t : ion c a n .  b e  r e p r e s e n t e d  
by t h e  El.sasser ban.d model,  and uses the complete exp.ression 
f o r  t h i s  mode l  r a the r  t han  t . he  s t rong  l i n e  approximation.  
While t h e  Elsasser band may be a good represent .a t . ion  of C02 ab- 
s o r p t i o n  a t  room ' t . empera tures   h igher   p ressu ' res   and   shor t .e r  
pa th  l eng , th s ,  th.ere i s  no experiment .a l  data  ava:i:Labl.e t .hat .  
would ind ica t e  the  app1 . i c . ab i : l . i t y  o f  t .h is  band model  for  @02 a t  
the atm0spheri.c cond:i tions on. Mars ., Thus Moroz seems t o  have 
, t raded  one assumption,  - the use  of the El.sasser band  model, - 
f o r  a n o t h e r ,   t h e   u s e   o f  t h e  s t . rong  l ine  appro.xima, t ion.  This 
appea r s  t.o be one rea l  d i f f e r e w e  b e t w e e n  %he .procedure of IWS 
and Moroz, s i n c e  Moroz' equ:iva:l.ent  w:idths are e s s e n t i a l l y  t . h e  
same as those  used by KMS Addit ional   experimental .   and  ana-  
l y t i c . a l  e v a l u a t i o n  of equ:ival.ent. wi.dth data :is r e q u i r e d  i f  
t .his p o i n t  is t o  b e   f u r t h e r   c . l a r i f i e d .  
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The empir ical  method empI.oyed by OK c , o u l d ,  i n  p r i n c i p l e ,  
e l i m i n a t e  the unce r t : a in t i e s  i nhe ren . t  i n  the cho ice  o f  a g iven  
band model or approxfmat:io:n to d e s c r i b e  the Martian C02 ab- 
s o r p t i o n .  Howewer, it is not possLb1.e t o  si .mufate the Martian 
atmosphere completely wit21 exi s t,i.ng l a b o r a t o r y  equipmenrr. and 
measurements of the equivalent wid,t .h do not. ex,i.st: for the range 
of  pressures  and  C02 o p t i c . a l  d e n s i t i e s  that o c m r  on Mars. 
Thus some e x . t r a p o k t i o n  i s  r e q u i r e d  LO determine  the  Mar t ian  
p re s su re ,  and  sume choi.c-.e o f  band model, ( i o e e ,  dependence of 
equiva1.ent width on both pressu.re and up.tic,aI. den.s i ty)  i s  i m -  
p l i c i c  i n  t h i s  e x t r a p a l a t i o n .  A s  indicated above, : i t  i s  poss i -  
b l e  t o  determlne.  at  l e a s t  a?proxirnstely,  t h e  n a t u r e  of t h i s  
ex,t.rapcLa,tfon from .:'he avai:l.ab'l.e eq11:ival.en.t w id ths ,  bht t h i s  
me.t:hod is 1.im.i'tc.d by t'he 1.ack of  d a t a  a t  low pressures and 
1,ong pat:h len.gt.hs. W h i  Le some form of pressure dependent ex- 
trapo1.at.io.n. ' w a s  u s e d  :in d e t e r m h i n g  'tiit. sur fac t .  p ressure  cf 
1.7 mh, the degree of  j I i t u i t , i v ?  judgmc.mt. r e q u i r e d  i s  such t h a r  
an indepezzden.t observer .is un.1.ikel.y t'o o b t a i n  , t h i s  same v a l u e ,  
The upper l i m i t  f o r  the .pressure  g.:.tt'eri, by OK. .is reasonably well 
defin.ed, and i s  prsbabl .y  more s i g n l f i c . a n t  t h a n  ,the va lue  de r ived  
f o r  t h e  pressare, The .most. v a l u a b l e  c o n , t r i b u t . i m  chat can be. 
o f f e r e d  with t'h is  e m p i r i c a l  merhod w0wl .d  be r o  .i.ncrease the. 
a v a i l a b l e  path length. S i n c e  t h e   p r e s e n t  pak.11 i s  the o r d e r  of 
ten percent :  of t.ha.t. :rE:qa..ired t o  s i . m u l a t r  Martian c o n d i t i o n s ,  
i t  is un.like1.y that a direc.t.  comparison can be made, but any 
e x t e n s i o n  of ava i l ab le  pa th  l eng ths  wou ld  p rov ide  a s t . ronger  
b a s i s  f o r  a n  e m p i r i c a l  e x t r a p o l a t i o n .  
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I 
4 .  SUMMARY AND GENERAL CONCTLJSIONS>k 
"_I-- """"". 
I n  S e c t i o n  2 of  t h i s  r e p o r t  w e  have reviewed the po1.ar.i- 
metr ic  work of Do1. l fus  and indicated t h a t  e v e n  w i t h i n  t h e  frame- 
work o f  h i s  bas i c .  a s sumpt ions  cons ide rab le  unce r t a in ty  must. be 
a t t a c h e d  t o  the v a l u e  of the s u r f a c e  p r e s s u r e  he d e r i v e s .  Our 
e v a l u a t i o n  of the  fou r  d i f f e ren t  me thods  used  by  Do l l fus  sugges t s  
that  method  one i s  the   mos t   accu ra t e   o f   t he   fou r .   Bo th  of  t h e s e  
conc1 .us ions  agree  wi th  Dol l fus '  own assessment  o f  t h e  a c c u r a c y  
of  t h i s  p a r t  o f  h i s  work.   Treat ing the angular  dependence of  
t h e  s u r f a c e  b r i g h t n e s s  of  the d i s k  of  Mars i n  a d i f f e r e n t  mannei 
t han  tha t  of D o l l f u s ,  w e  have avoi .ded an unnecessary separat lon 
of v a r i a b l e s  a n d  d e r i v e  a lower value f o r  t h e  r a t i o  of atmos- 
p h e r i c   t o   s u r f a c e   b r i g h t n e s s  (Ba/BsS>o This i n  t u rn   ' l e ads   t o  
a lower  value of t h e   s u r f a c e   p r e s s u r e  (63  mb), We have   i nd i -  
c . a t ed  tha t  t h i s  v a l u e  c o n t a i n s  u n c e r t a i p t : i e s  due t o  the pho.to- 
metr ic  measures  used  to  de te rmine  R s  as well as those due t o  
the pol .a r imet r . ic   observa t ions .  The low e r r o r   o f   t h e  l a t t e r  i s  
a t r i b u t e  t o  D o l ' l . . f u s a  s k i l l .  as an  obse rve r ,  bu t  the real. problem 
ar ises  i n  a t t e m p t i n g  t o  in te rpre t  the  measurements  once  they are  
made, A c . lose look a t  the   assumpt ions   o f   pure   Rayle igh  sca t te r -  
i n g  in  an atmosphere whose composi t ion i s  iden . t ic ,a l .  wi th  cha t  
2v U n d e r l i n e d   p h r a s e s   i n . d i c a t e   t o p i c s   w h i c h   r e q u i r e   a d d i t i o n a l  
research e f f o r t  
o f  t h e  Earth i n d i c a t e s  that,while these may b e  a c c e p t a b l e  as 
a f i rs t  approx ima t ion ,  t hey  canno t  be  r e l i ed  on  fo r  an  accu ra t e  
de t e rmina t ion .  The s p e c t r o s c o p i c   i d e n t . i € i c a t . i o n   o f   c o n s i d e r a b l e  
q u a n t i t i e s  of @02 i n  t he  Mar t i an  a tmosphe re  - a s i d e  from the 
d i r e c t  i m p l i c a t i o n s  i t  has f o r  t . h e  s u r f a c e  p r e s s u r e  - i n d i c a t e s  
that  the composi t ion  of  tha t  a tmosphere  i s  n o t  the same as o u r s ,  
Use of v a r i o u s  m i x t u r e s  o f  g a s e s  l e a d s  t o  a r a n g e  o f  s u r f a c e  
p r e s s u r e s ,  The p resence   o f   t he   b lue   haze   and   obse rva t ions   o f  
c l o u d s  a n d  d u s t  s t o r m s  a r e  s t r o n g  i n d i c a t i o n s  t.hat some q u a n t i t y  
a n d  s i z e  d i s t r i b u t i o n  of s c a t t e r i n g  p a r t i c l e s  m u s t  b e  p r e s e n t  
i n  the Mart ian  a tmosphere a t  a l l  times. I n  a d d i t i o n ,  the phen- 
omkna a s s o c i a t e d  with the  b lue  haze  have  been  in t e rp re t ed  by  
some astronomers  as being  due t o  a b s o r p t i o n ,  o r  some combination 
of  a b s o r p t i o n  a n d  s c a t t e r i n g .  The e f f e c t  o f  i n c l u d i n g  a con- 
s i d e r a t i o n  o f  t h e s e  processes has been shown to  be  comple t e  un- 
c e r t a i n t y  r e g a r d i n g  t h e  s u r f a c e  p r e s s u r e  c o r r e s p 0 n d i n . g  t:o  t.he 
p o l a r i m e t r i c   o b s e r v a t i o n s ,  It seems v e r y   p r o b a b l e   t h a t   p o l a r i -   
metric s t u d i e s   c a n  P be use- ob ta in   i n fo rma t ion   abou t   t he  
W t i c u l a t e   m a t t e r  sus.pended -." i n .  the   a tmosphere  once the atmo- I> 
- spher: ic   thickness   has   been  det .ermined by other   means,  
The a t tempt  by  Musman. t o  e s t a b l i s h  a n  u p p e r  l i m i t  t o  
t h e  s u r f a c e  p r e s s u r e  by i n t . e r p r e t i n g  t h e  u l t r a v i o l e t :  a l b e d o  as 
b e i n g  d u e  e n t i r e l y  t o  a Ray le igh  sca t t e r ing  a tmosphe re  i s  subjec.t .  
t o   t h e s e  same r e s t r i c t i o n s .  If there i s  no a b s o r p t i o n ,   t h i s  
upper l i m i t  should be val . id  - the p r e s e n c e  o f  s c a t t e r i n g  
pa r t i c l e s  wou ld  imply  a l o w e r  v a l u e  f o r  t h e  surface p r e s s u r e .  
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However, the p resence  of a b s o r p t i o n  woul.d aga in  r ende r  the 
problem  inde termina te ,  as Musman n o t e s  i n  his paper.   Perhaps 
the m o s t  i n t e r e s t i n g  p o i n t  a b o u t  Musman's work i s  that  he has 
made the same assumpcions as Do1l.fu.s and  ye t  der ives  an  upper  
l i m i t  of 30 m b  t o  t h e   s u r f a c e   p r e s s u r e .  Thi.s impl . ies  e i ther  
(1) t h e  M a r t i a n  a t m o s p h e r e  a b s o r b s  s t r o n g l y  i n  t , h e  r e g i o n  of  
3300 where  the  photometry  used by Musman was done,   or  ( 2 )  
some d i s t r i b u t i o n  o f  p a r t : i . c l e s  m u s t  b e  p r e s e n t  wh:ich would cause 
the r e s u l t s  o b t a . i n e d  by Do1.Ifus  ' to  be  overestimates,  We have 
l o o k e d  i n t o  t h i s  q u e s t i o n  i n  some d e t a i l  a n d  h a v e  shown t h a t  
agreement  between t .he vis ible  and uLtrav. io1.et  determi.nat . ions 
can be made w i t h  an a p p r o p r i a t e  p a r t i c l e  d i s t r i b u t i o n  wh.ich 
l e a d s  ' to a t r u e  gas  pressure of approx,ima.tely 1 7  mb. T h i s  
treatment. i g n o r e s  the p o s s i b i l i t y  of a b s o r p t i o n  a n d  i s  a 
de f in i t e  s . imp1 . i f i ca t . i on  i n  tha.t only 1.irn.ited  part.ic-1.e  sizes 
are  consi .dered  ra t -her  thar  a m:ixture.  : I t  -is in t e ,nded   p r imar i ly  
as an  i.il,dicat .ion of  the ki.nd of .indetermina.c-y which ex. is ts  i n  
this probl.em. 
The spectrosronic   ana:I .yses  are n o t  su 'b j ec t .   t o   t hese  
u n c e r t a i n t i e s  a,nd thu.s h a . w  a dist.in.c.t  ad.vant.age i n  ,t:hi.s r e s p e c t  
The p r i n c i p a l .  weak,ness :in t h e  pressur2 det .e rmina t ions  based  on 
the spect l -oscu,pic .  data  appears  t.o be the f a c t  Ehar. a l l  t h e s e  
determinat:ims rely on t h e  same sFng le  MarLian spectrogram for  
t h e i r  value of t:he C02 abundance ,   The   uncer ta in t :y   assoc ia ted  
w i t h  i n t e r p r e t a t i o n s  of t.hi.s spec t rogram can  be  bes t .  apprec ia ted  
b y  i n s p e c t i o n  o f  t h e  p u b l i s h e d  d e n s i t o m e t e r  t r a c i n g  o f  t h e  
r eg ion  of i n t e r e s t .  The  comparison of  t h i s  t r a c i n g  w i t h  a 
labora tory  spec t rogram and a t r a c i n g  o f  t h e  s o l a r  s p e c t r u m  i n  
t h e  same reg ion  g iven  by  Owen i s  r e p r o d u c e d  h e r e  t o  i l l u s t r a t e  
t h i s   p o i n t   ( F i g u r e  9 ) .  The  need f o r   a d d i t i o n a l   o b s e r v a t i o n s  
i s  r e a d i l y  a p p a r e n t .  I n  a d d i t i o n ,  t h e  w o r k  o f  H a n s t  a n d  Swan 
s u g g e s t s  t h a t  t h e  l a b o r a t o r y  c a l i b r a t i o n  o f  t h e  5v3 l i n e  i n t e n -  
s i t i e s  i s  no t  a c losed  ques t ion .  More work  must  be  done  on 
th i s  p rob lem be fo re  a r e l i ab le  abundance  de te rmina t ion  can  be  
made. A t  t h e   p r e s e n t  t ime, a v a i l a b l e   e v i d e n c e   ( i n c l u d i n g   p r e -  
l iminary work by Inn76)  appears  to  favor  the higher  value of  the 
C 0 2  abundance adopted i n   t h i s   r e p o r t :  45 + - 25 m a t m .  Th i s  
s i t u a t i o n  may change as a d d i t i o n a l   d a t a  become ava i l ab le .   (See  
note   p .   76 . )  
The s t r o n g  l i n e  d a t a  are  b e t t e r  e s t a b l i s h e d  t h a n  t h e  
abundance   s ince   th ree   independent   sources  are a v a i l a b l e .   I n  
addi t ion ,  Kaplan  e t  a l .  u sed  da ta  ob ta ined  by Kuiper which were 
not  used  by Owen and Kuiper ,  making this  a f o u r t h  s e t  o f  obse r -  
va t ions   (S in ton ,   Ku ipe r  1 and 2 and  Moroz). We have  compared  the 
equ iva len t  w id ths  o f  t he  1 . 6 ~  bands measured by Kuiper and by 
Moroz a n d   f i n d   t h a t   t h e y   a g r e e   t o   w i t h i n  15%. The 2.0611. band 
equ iva len t  w id th  used  by KMS i s  i n  similar agreement  wi th  the  
value measured by  Moroz. S ince  w e  have  used  the  same v a l u e  of  
t h e  C 0 2  abundance i n  e v a l u a t i n g  a l l  th ree  pressure  measurements ,  
a n y  l a r g e  d i f f e r e n c e s  i n  t h e  d e r i v e d  s u r f a c e  p r e s s u r e s  m u s t  b e  
due t o  t h e  d i f f e r e n t  m e t h o d s  of  i n t e r p r e t i n g  t h e  s t r o n g  l i n e  d a t a .  
I 






- 2 5  





Fig. 9: a) Sola r  Spectrum  from  the  Likge  Photometric 
A t l a s ,  (b) Mt. Wilson  Mars  spectrogram, <c> Laboratory  comparison (sun + CO2). Note 
presence of three  rotational C02 lines in (b) 
and (c). 
On the b a s i s  of t h e  a v a i l a b l e  e v i d e n c e ,  i t  d o e s n ' t  
a p p e a r  t o  b e  p o s s i b l e  t o  d i s c r i m i n a t e  among the var ious methods 
o f   ana lys i s   wh ich  have been   u sed .   In   eac ,h   ca se , ce r t a in  
assumptions have been made a n d  t h e r e  i s  s imply not  enough lab-  
o r a t o r y  d a t a  o b t a i n e d  u n d e r  the r i g h t  c o n d i t , i o n s  ( v e r y  low 
p r e s s u r e s  a n d  l o n g  p a t h  l e n g t h s )  t o  t e s t  the v a l i d i t y  of  t h e  
assumptions.  The same s t r o n g   l i n e   a s s u m p t i o n   u s e d  by KMS and 
OK l e a d s  t o  r e s u l t s  d i f f e r i n g  by n e a r l y  a f a c t o r  2 when a p p l i e d  
t o  the 2 . 0 6 ~  bands  and  the 1 . 6 ~  bands., We h a v e  s u g g e s t e d  t h a t  
the e q u i v a l e n t  w i d t h  i s  p r o b a b l y  b e t t e r  r e p r e s e n t e d  by t h e  
x2 r e l a t i o n  W a u p than  by t h e   s t r o n g   l i n e   v e r s i o n  W a (up)w. 
T h i s  p o i n t  h a s  a l s o  b e e n  made by  Howard,  Burch  and Will.i.ams 47 
on t h e   b a s i s  o f  t h e i r   l a b o r a t o r y   s t . u d i e s ,  These a u t h o r s   s p e c i f i -  
c a l l y  comment on t h e  f a i l u r e  of t h e  Elsasser model t o  a c c u r a t e l y  
p r e d i c t  a b s o r p t i o n  b e c a u s e  o f  i t s  u s e  of the assumpt ion  tha t  
the depenc'znce of  t he  equ iva len t  w id th  on  u and p i s  t h e  same. 
Th i s  comment h a s  o b v i o u s  r e l e v a n c e  t o  t h e  work of Moroz si .nce 
he  used  th i s  model  to  reduce  h i s  o b s e r v a t i o n s ,  
The r e s u l t s  of t h i s  review are  summarized i n  T a b l e  V, 
The upper 1 i m i . t  deduced by Musman h a s  n o t  b e e n  r e v i s e d  s i n c e  
the p o s s i b l e  p r e s e n c e  of a b s o r p t i o n  r e n d e r s  i t  t o o  u n c e r t a i n ,  
The same a r g u m e n t  a l s o  a p p l i e s  t o  D o l l f u s '  r e s u l t s ;  t h e  v a l u e  
of 63  mb r e p r e s e n t s  o u r  e v a l u a t i o n  o f  t h e  r a t i o  Ba /Bso  We have 
n o t  a s s o c i a t e d  a r e l a t i v e  e r r o r  w i t h  t h i s  number s i n c e  the 
p o s s i b l e  p r e s e n c e  of a b s o r p t i o n  o r  s c a t t e r i n g  p a r t i c l e s  r e p r e -  
s e n t s  a n  e v e n  g r e a t e r  u n c e r t a i n t y  t h a n  e r r o r s  i n  t h e  p o l a r i m e t r i c  
or  pho tomet r i c  obse rva t ions .  
Absolute lower limits can be introduced corresponding 
t o  t h e  s u r f a c e  p r e s s u r e  e x e r t e d  by an  a tmosphe re  cons i s t ing  
e n t i r e l y  o f  C02.  These  have a range  of  2 t o  6 mb; the  amounts 
of  gas  represent  the extreme uppe-r  and lower limits which have 
b e e n  a s s i g n e d  t o  t h e  a b u n d a n c e  i n  t h i s  r e p o r t .  
It should be evident  f rom Table  V and  the  prev ious  
d i s c u s s i o n  t h a t  i t  i s  n o t  y e t  p o s s i b l e  t o  d e d u c e  a number f o r  
t h e  M a r t i a n  s u r f a c e  p r e s s u r e  i n  w h i c h  much conf idence  can  be  
p l a c e d .  T h i s  p o i n t  i s  emphasized  by  the  value of t h e  s u r f a c e  
pressure deduced by Hanst and Swan u s i n g  t h e i r  r e v i s e d  v a l u e  
o f  t h e  C 0 2  abundance and the KMS t r e a t m e n t  o f  S i n t o n ' s  2 . 0 6 ~  
d a t a .  However, - t h e r e  i s  v e r y  pood hope t h a t  w i t h  a d d i t i o n a l  
d a t a  on  weak C02 bands i n   t h e  "- Mart ian  s p e c t r u m ,  a d d i t i o n a l   l a b -  
o r a t o r y   c a l i b r a t i o n s   o f  - t h e s e   b a n d s ,   a n d   s t u d i e s   o f   t h e   f i t   o f  
band  models a t  low p r e s s u r e s  a n d  h i g h  o p t i c a l  d e n s i t i e s ,  t h e  
l a w e  u n c e r t a i n t i e s  p r e s e n t l y  a s s o c i a t e d  w i t h  t h e s e  d e t e r m i n a -  
t i o n s  w i l l  be   reduced .   Despi te   the   remain ing   uncer ta in t ies ,  
t h e  p r e s e n t  r a n g e  o f  v a l u e s  f o r  t h e  M a r t i a n  s u r f a c e  p r e s s u r e  
a p p e a r s  t o  h a v e  much g r e a t e r  r e l i a b i l i t y  t h a n  t h e  numbers which 
have   been   quo ted   i n   t he   pas t .  It w o u l d  t h e r e f o r e  a p p e a r  t h a t  
t h e  d e s i g n  o f  s p a c e c r a f t  f o r  p r o b i n g  t h e  M a r t i a n  e n v i r o n m e n t  
should  not  proceed  on t h e  a s s u m p t i o n  t h a t  t h e  s u r f a c e  p r e s s u r e  
i s  90 mb, b u t  r a t h e r  s h o u l d  a l l o w  f o r  t h e  more severe problems 
t h a t  w i l l  be  experienced i f  a l o w e r  v a l u e  f o r  t h e  p r e s s u r e  i s  
c o r r e c t .  
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Table V 
RECENT  DETERMINATIONS OF MARTIAN  SURFACE PRESSURE 
Author  Original  Revised
and  Estimate Estimate
Technique (mb)  (mb) Remarks 
1, Dollfus 90 
Visual  polarimetry 
2. This  paper 51 
Dollfus'  polarimetry 
3. Musman 27 
W photometry (upper  limit) 
4 .  This paper 22 
Musman's argumenr (upper  1im:it) 
5. "his paper  17 
Dollfus'  polarimetry 
and  Musman ' s argument 
63 Assumes pure Rayleigh scattering atmo- 
sphere  composed of air. 
-9  Assumes pure Rayleigh scattering atmo- 
" Assumes pure Rayleigh scattering atmo- 
sphere  composed of 1/3 C02 + 2/3 N 2 -  
sphere  composed of air,  no  absorption, 
zero  surface  albedo. 
" Assumes p u ~ e  Rayleigh scattering atmo- 
sphere  c.omposed of 1/3 C02+ 2/3 N2, no 
absorption,  zero  surface  albedo. 
" Compatible  surface  pressure:  assumes 
atmosphere  composed of 1/3  C02 + 2 /3  N2 
p l u s  8 x 108 ice  particles of Oe2p 
diameter  per  cm2-column. 
6 .  KMS 25 + - 15 33 + - 30 Revision based on Martian C02 abundance 
Spectroscopy 
7. OK 17 + 3 (p.e.> 37 11 11 11 11 1 1  
Spectroscopy 
of 45 + 25 m-atm. - 
-
(upper  limit) 
Table V (Cont ' d) 
Author  Original  Revised
and Estimate Estimate 









l3 -8 Revision based on Martian C02 abundance 
of 45 + 25 m-atm, 
Based on Martian C02 abundance o f  
28 + 13 m-atm. 
- 
- 
.. -.... ._ ._ . . .. . .. .. . . -. -- . . . - . . 
Since  we  have s t r e s s e d  the t e n t a t i v e  n a t u r e  o f  these 
v a l u e s  f o r  the s u r f a c e  p r e s s u r e ,  i t  seems p e r t i n e n t  t o  c l o s e  
with some remarks about  the e f f e c t  of new resul ts  on p r e s e n t l y  
a v a i l a b l e  estimates, This d i s c u s s i o n  i s  l i m i t e d   t o  the s p e e t r o -  
s cop ic  method,, The l a rges t   change  i s  l i k e l y  t o  o c c u r   i n  the 
v a l u e  of the C02 abundance. A s  w e  have mentioned  above,  an 
i n d i c a t i o n  o f  the p r e s e n t  u n c e r t a i n t y  i n  t h i s  q u a n t i t y  i s  pro-  
vided by the work of  Hans t  and  Swan,which  a l so  of fe rs  a c l u e  
as t o  t h e  e f f e c t  a r e v i s i o n  o f  t h i s  value w i l l  have  on  the  sur -  
f a c e  p r e s s u r e ,  An i n c r e a s e  i n  the i n t e n s i t y  S o f  t h e  r o t a t i o n a l  
l i n e s  of the 5 V ,  band w i l l  l e a d  t o  a lower- C02 abundance and 
consequent ly  a h ighe r   su r f ace   p re s su re ,   Con .ve r se ly ,  i f  a 
remeasurement of t h e  e q u i v a l e n t  w i d t h s  of these l i n e s  i n  t h e  
Mart : ian spectrum suggests  that  the  va lues  de t e rmined  by KMS are  
" t o o  small, t h e  GO2 abundance  must  be  and the s u r f a c e  
p re s su re   dec reas , ed .   F ina l ly ,  i f  t he   a tmosphe r i c   t empera tu re  
which w e  have  chosen  . in  our  ana l .ys : i s  p roves  to  be  
CO abundance w i l l  b e  i nc . r eased   and   t he   p re s su re   dec reased .  
0bvious.l.y a r e v e r s a l .  of  any of t .hese changes w.il .1 lead t o  con- 
sequences w1,ich a re  a l s o  r e v e r s e d .  
2 
Note  added i n  p r o o f :  D r .  Inn   has   in formed  us   tha t   he   has  com- 
p l e t e d  h i s  r e m e a s u r e m e n t  o f  t h e  i n t e n s i t y  o f  t h e  R b r a n c h  o f  t h e  
5v3 CO band.  For J > 8,  he   de r ived   an   abso rp t ion   coe f f i c i en t  
o f  0 .3  5 cm'l/km amagar, i n  e x c e l l e n t  a g r e e m e n t  w i t h  R a n k ' s  v a l u e  
o f  0 .32  cm'l/km amagat. 
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APPENDICES FOR SECTION 2 
FOREWORD 
Th i s  co l l ec t ion  o f  append ices  fo rms  Pa r t  I1 of  our  review 
of   r ecen t   s tud ie s   o f   t he   Mar t i an   a tmosphe re .  P a r t  I c o n t a i n s  
summaries o f  t h e  material being reviewed with our  comments  and 
e v a l u a t i o n s .  It w a s  o u r  i n t e n t i o n  t h a t  P a r t  I should be a 
s e l f - c o n t a i n e d  r e p o r t  i n c l u d i n g  e n o u g h  d e t a i l  t o  s a t i s f y  t h e  
g e n e r a l  r e a d e r .  
The a p p e n d i c e s  p r e s e n t e d  i n  t h i s  s e c t i o n  ( P a r t  11) con- 
t a i n  s u p p o r t i n g  c a l c u l a t i o n s  f o r  t h e  c o n c l u s i o n s  r e a c h e d  i n  
P a r t  I as w e l l  as a d d i t i o n a l  d i s c u s s i o n  of c e r t a i n  t o p i c s  w h i c h  
were o n l y  b r i e f l y  t r e a t e d  i n  t h e  main t e x t .  No a t t e m p t  
was made t o  p r e p a r e  Part  I1 as a s e l f - c o n t a i n e d  document s i n c e  
a l l  o f  t he  material i t  c o n t a i n s  r e f e r s  t o  t h e  v a r i o u s  s e c t i o n s  
of P a r t  I. 
Refe rences  to  these  append ices  are made a t  a p p r o p r i a t e  
p o i n t s   i n   t h e   t e x t   o f  P a r t  I. The re ference   numbers   cons is t  
of two d i g i t s ,  t h e  f i r s t  o f  w h i c h  d e s i g n a t e s  t h e  s e c t i o n  o f  
P a r t  I t o  w h i c h  t h e  a p p e n d i x  r e f e r s  (2 o r  3 )  while  the second 
d i g i t  i s  a running  number f o r  t h e  a p p e n d i c e s  r e f e r r i n g  t o  t h a t  
s e c t i o n .  
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2.1 Discussion of the  Assumptions  in  the 
Polarimetric  Equation 
The  Ratios ( B v / " B o ) ~ B e / _ B o ) ,  a(h) 
It is  not  clear  from  Dollfus'  publications  whether  or 
not  the  first  two  ratios  are  evaluated  at  the  respective 8 and
V. However, in discussion*', Dollfus  said  that  he  took  these 
ratios  directly  from  the  photometric  curves  which he published , 22 
with  appropriate  interpolation.  These  curves  are  reproduced 
here  in  Figure A - 1 .  In  this  figure 1.0 on  the  vertical  axis 
corresponds  to  the  ratio  at  the  center of the  disk  for zero 
phase;  hence,  points  on  these  curves  give  the  brightness  for 
various V and 8 in terms of the  brightness  for V = 8 = 0 .  
Thus  the  points  on  the  curve  give  the  quantity 
directly. It is clear from Figure A - 1  that  the  ratios (BV/Bo) 
and (Be /Bo)  depend  on 8 and V respectively.  For  example,  at 
V = 0" (Be /Bo)  is  symmetrical  about 8 = 0 ,  but  at  other  values 
of V it is  not.  From  this  figure  it  would  be  possible  to  de- 
duce  curves  for  these  ratios  for  various 8 and V respectively, 
and so to  allow  for  these  variations.  Dollfus , however,  indi- 
cated"  that Bo is  for V = 0 and 8 = 0 ,  hence  the  ratio 
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Fig .  A - 1  Mars Photometric Data (Do l l fus )  
I n  Appendix 2 .2 ,  where h i s  d a t a  r e d u c t i o n  i s  d i s c u s s e d ,  i t  
i s  shown t h a t  t h i s  a p p r o x i m a t i o n  h a s  h a d  t h e  r e s u l t  o f  r a i s i n g  
t h e  v a l u e  of Ba/Bs,  and   consequen t ly   t he   p re s su re .  If no 
a t t empt  i s  made t o  s e p a r a t e  t h e s e  two dependences ,  t he  co r rec t  
r a t i o  B (V,  8 ) / B  (0,O) c a n  b e  r e a d  d i r e c t l y  f r o m  i n t e r p o l a t i o n s  
on  Figure A - 1 .  It i s  n o t  clear why D o l l f u s  d i d  n o t  do t h i s  
h imse l f .  
The wavelength dependence for Bs ,  m a n i f e s t e d  i n  a ( A ) ,  
i s  a l s o  g i v e n  i n  t h e  same pape r22  bu t  on ly  fo r  V = 29.2".  Thus , 
t h e  V-dependence of  t h i s  q u a n t i t y  i s  undetermined. Some r e c e n t  
d a t a  f o r  l i m o n i t e  made a v a i l a b l e  by C o u l ~ o n ~ ~  does show a V- 
dependence; from V = 5 t o  50"  there  w a s  a 9% va r i a t ion  be tween  
t h e  two wavelengths   0 .643   and   0 .492~.   However ,   the   po lar imet r ic  
cu rve  fo r  t h i s  l imon i t e  s ample  does  no t  f i t  t h e  o n e  f o r  Mars, so 
t h a t   t h e r e  i s  no j u s t i f i c a t i o n  f o r  u s i n g  t h i s  d a t a .  O n l y  a 
s l igh t  @-dependence  i s  shown22 over the wavelength range 0.541~- 
t o  0 . 6 3 ~ .  S i n c e  D o l l f u s '  m o s t  a c c u r a t e  work w a s  conducted a t  
one  wavelength (Ao  = 0 . 6 1 ~ ) ~  small u n c e r t a i n t i e s  i n  a(A) a r e  
no t  ve ry  impor t an t .  
The Quan t i ty  A ( @ ,  A )  
D o l l f u s  o m i t t e d  t h e  A-dependence  of t h i s  q u a n t i t y  a n d  
s t a t e d 2 '  t h a t  h e  t h o u g h t  i t  was n e g l i g i b l e .  H e  o b t a i n e d  A(@) by 
making  measurements  on Mars' keeping V c15". S i n c e  t h e  atmo- 
s p h e r i c  p o l a r i z a t i o n  varies as V2 f o r  small V ,  i t  i s  n o t  s i g -  
n i f i c a n t  i n  t h i s  r a n g e ,  so t h a t  t h e  s u r f a c e  e f fec t  i s  measured. 
D o l l f u s  s t a t e d  t h a t  a t m o s p h e r i c  effects were t aken  in to  accoun t  
i n  t h e  A(@) p l o t ,  b u t  i n  t h e  t e x t  h e  d o e s  n o t  s a y  how. Later 2 1  
h e  e x p l a i n e d  t h i s  s t a t e m e n t :  t h e  p o l a r i m e t r i c  r e s u l t s  t h a t  h e  
used  were o b t a i n e d  after v e r y  c a r e f u l  s e l e c t i o n ,  b a s e d  o n  a l l  
t h e  p h o t o g r a p h i c ,  p h o t o m e t r i c  a n d  p o l a r i m e t r i c  d a t a  a v a i l a b l e .  
I n  t h i s  way h e . w a s  a b l e  t o  select  t h e  o b s e r v a t i o n s  made when t h e  
Mart ian  a tmosphere was clearest .  I n  a n  e n d e a v o r  t o  a l l o w  f o r  
r e s i d u a l  e f f ec t s ,  h e  a l w a y s  s e l e c t e d  t h e  v a l u e s  ( f o r  a clear 
a tmosphe re )   g iv ing   t he   l owes t   va lues   fo r  P. I n  t h i s  way he was 
a b l e  t o  c o n s t r u c t  a p l o t  o f  A(@) as a f u n c t i o n  o f  8 .  H e  a l s o  
20 
a l l o w e d  f o r  t h e  small atmospheric Rayleigh component in the 
p o l a r i z a t i o n .  His r e s u l t s  are  shown i n  F i g u r e  A-2 a l o n g  w i t h  
some c u r v e s  f i t t e d  d u r i n g  t h e  p r e s e n t  s t u d y ;  t h o s e  f o r  emery 
and   l imoni te  were obta ined   f rom  da ta   t aken  by Dol l fusZ3.   Dol l fus  
d i d  n o t  i n c l u d e  a c u r v e  i n  h i s  f i g u r e ,  b u t  i n  t h e  t e x t  
mentioned a v a l u e  o f  A(@) = -0.004 a t  8 = 60°, a n d  t h i s  was what 
he   used   in   the   da ta   reduct ion" .   Dol l fus  l a t e r  s t a t e d "   t h a t   h e  
5,6,20 
t h o u g h t  t h i s  v a l u e  o f  A(@) should  be  ra i sed  to  a round -0 .003  or  
-0.002, judging  f rom labora tory  measurements  on  l imoni te  ( in  
h i s  p a p e r s  5 3 6 y  2o D o l l f u s  shows t h a t  t h e  p o l a r i m e t r i c  c u r v e  f o r  
l i m o n i t e  f i t s  t h e  Mars c u r v e  b e t t e r  t h a n  t h o s e  f o r  a n y  o t h e r  o f  
a l a r g e  number of  t e r res t r ia l  materials t e s t e d ) ,  a n d  s a i d  t h a t  
-0 .003  shou ld  be  used  in  p re fe rence  to  -0.004. 
More d e t a i l e d  c a l c u l a t i o n s  w i t h  emery showed t h a t  
A(@) v a r i e d  s i g n i f i c a n t l y  w i t h  V. However, Do l l fus   po in t ed  








-0 .006  
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no t ,  and  tha t  t he  ana logy  shou ld  no t  be  t aken  too  se r ious ly .  
During the v i s i t  t o  Par is" ,  Dollfus  made some measurements on 
l imoni te  and  showed t h a t  A ( @ )  v a r i e d  by about  0.001 between 
V = 0" and V = 40".  S i n c e  t h i s  was t h e  same order  of  magni tude  
as t h e  scat ter  i n  t h e  l a b o r a t o r y  r e s u l t s ,  t h e  v a r i a t i o n  i s  
small a n d  n o t  s i g n i f i c a n t .  A p p l i c a t i o n  o f  t h e  r e s u l t  t o  Mars 
d o e s  d e p e n d  o n  t h e  v a l i d i t y  o f  t h e  i d e n t i f i c a t i o n  o f  t h e  n a t u r e  
o f  i t s  s u r f a c e  ( b r i g h t  areas i n  t h i s  c a s e )  w h i c h  c a n n o t  y e t  b e  
r ega rded  as c o m p l e t e l y  e s t a b l i s h e d .  
Wavelength  Dependence  of Ps (V,  A)  
A t  t h e  t i m e  Do l l fus  pub l i shed  h i s  work ,  t he re  was no 
d a t a  on the  wavelength  dependence  of Ps (V,  A ) .  S i n c e   t h e n ,  
he has  measured the wavelength dependence of  l imonite  and has  
k i n d l y   f u r n i s h e d   t h i s   i n f o r m a t i o n   f o r   u s e   i n   t h e   p r e s e n t   s t u d y  . 
It w i l l  be  seen in  Appendix 2.2 t h a t  i t  i s  t h e  d i f f e r e n c e  
Ps ( V ,  Ao) - Ps (V,  h l )  t h a t  i s  r equ i r ed ,   where  ho = 0.6111. and 
A l  = 0 . 5 3 ~ .  The fo l lowing  t a b l e  shows t h i s   d i f f e r e n c e   d e d u c e d  
f rom  Do l l fus '   f i gu res .  
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It i s  f a i r l y  c lear  t h a t  up t o  V = 40" t h e  e f fec t  i s  n o t  v e r y  
s i g n i f i c a n t .   ( N o t e :   t h e   w a v e l e n g t h s   g i v e n   i n   t h e   t a b l e   c o r r e s -  
pond t o  l a b o r a t o r y  s t u d i e s  a n d  are  n o t  i d e n t i c a l  t o  t h e  wave- 
l e n g t h s  a t  which   the  Mars o b s e r v a t i o n s  were made.  The band 
p a s s  o f  D o l l f u s '  f i l t e r - d e t e c t o r  c o m b i n a t i o n  i s  s u f f i c i e n t l y  
w i d e  t h a t  t h i s  d i f f e r e n c e  i s  f e l t  t o  b e  i n s i g n i f i c a n t . )  
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2 . 2  Discuss ion   of  the   Deduct ion   of  
B / B  f rom  Polar imetr ic   Measurements '  a - s  
D o l l f u s  u s e d  t h e  p o l a r i z a t i o n  e q u a t i o n  ( 5 )  i n  f o u r  
d i f f e r e n t  ways t o   d e d u c e   t h e   b r i g h t n e s s   r a t i o  Ba/Bs.  Only i n  
t h e  f i r s t  method w a s  t h e  work  done a t  a s ing le  wave leng th .  The 
f o l l o w i n g  a n a l y s i s  shows t h e  f i r s t  method t o  be  qui te  the  most  
r e l i a b l e ;  a conclusion  with  which  Dollfus   ful ly   agreed2 ' .  H e  
po in ted  out  tha t  he  regarded  the  o ther  th ree  methods  p r i m a r i l y  
as  checks  on  method 1. If t h e y   h a d   n o t   g i v e n   s i m i l a r   r e s u l t s ,  
a ma jo r  e r ro r  i n  fo rmula t ion  wou ld  have  been  ind ica t ed .  
F i r s t  Method 
The p o l a r i z a t i o n  was measured a t  the  cen te r  and  a t  t h e  
e d g e  o f  t h e  d i s k  a t  a wavelength  of  0 . 6 1 ~ .  The d i f f e r e n c e  was 
t aken ,   g iv ing  
P (v, e )  - P ( v ,  0) = Ace) + Ba 
S q-7"- Bo sin2 -k s e c  Q -1 1 . ( 6 )  
2 
This   me thod   o f   wr i t i ng   t he   qua t ion  2o p r o v i d e s   a d d i t i o n a l  
c o n f i r m a t i o n  f o r  t h e  s u g g e s t i o n  t h a t  t h e  r a t i o s  (BV/Bo)  and 
(Be/Bo)  were  used  incorrect ly .   Equat ion (7 ) ,  given  below, shows 
t h e  r i o d i f i c a t i o n  t h a t  a r i s e s  when t h e  V- and @-dependences of Ps 
a r e   n o t   s e p a r a t e d .   D o l l f u s   g i v e s   h i s   d a t a   i n  a s t r a i g h t  l i n e  
p l o t 5 y 6 y 2 0   o f   e q u a t i o n  ( 6 )  which i s  shown i n  F igure  A-3. A l i n e  
was f i t t e d  t o  t h e  p l o t t e d  p o i n t s  by l e a s t  s q u a r e s  g i v i n g  a s l o p e  
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D o l l f u s  s u p p l i e d  t h e  o r i g i n a l  p o l a r i z a t i o n  m e a s u r e -  
ments which were u s e d  i n  t h i s  method t o  a l l o w  a c h e c k  t o  b e  
made''. H e  a l s o  s u p p l i e d  c o p i e s  of  h i s   pho tomet r i c   cu rves  
(F igu re  A - 1 ) .  T h i s   p o l a r i m e t r i c   d a t a  was c o l l e c t e d  from  Feb- 
r u a r y  1948 u n t i l  J u l y  1952.  Measurements were made between 
V = 6.2"  and 43.8";  f o r  0 = 65"  towards  the  l imb,  and a t  
0 = 3 0 " ,  4 0 " ,  55",   60"  and  65"  towards  the  terminator .  
I n  o r d e r  t o  c h e c k  on the  use  o f  t he  pho tomet r i c  da t a ,  
t he  po la r ime t r i c  da t a  was  r educed  t ak ing  (BV/Bo) a t  9 = 0 and 
(BO/Bo) a t  V = 0. These   po in ts  are  shown i n  F i g u r e  A-3 w i t h  t h e  
e x c e p t i o n  o f  t h e  t h r e e  h i g h e s t  v a l u e s  w h i c h  a r e  o f f  t h i s  scale.  
There i s  an  apprec iab le  d iscrepancy  be tween Dol l fus  resu l t s  and 
t h e  new ones.  The p r imary   r eason   fo r   t h i s   p robab ly  l i e s  i n  t h e  
i n t e r p o l a t i o n  made on   t he   pho tomet r i c   cu rves   i n   F igu re  A-1. The 
r e s u l t s  a r e  v e r y  s e n s i t i v e  t o  t h e  s h a p e s  of t h e s e  c u r v e s ,  
e s p e c i a l l y   a t   h i g h   a n g l e s   t o w a r d s   t h e   t e r m i n a t o r .  The b r i g h t -  
n e s s  r a t i o s  a t  t h e   s u b - s o l a r   p o i n t s  were a l s o   p u b l i s h e d  , but  
f rom these ,  t he  cu rve  fo r  V = 40" had  to  be  e s t ima ted  (F igu re  
A-2).   These  four  curves were t h e n  u s e d  t o  d e r i v e  curves as a 
f u n c t i o n   o f  V f o r  t h e  0 v a l u e s   r e q u i r e d .  It a p p e a r e d   t h a t  
Dol l fus  used  a similar method", bu t  du r ing  ou r  v i s i t  he  d id  
n o t   h a v e   t h e   d e t a i l s  of h i s   d a t a   r e d u c t i o n   a v a i l a b l e .  One 
o t h e r  s o u r c e  o f  e r r o r  i s  t h e  a n g l e  9. D o l l f u s  e s t i m a t e d  t h i s  
t o  t h e  n e a r e s t  5 " ,  and he could have selected some p o i n t s  
s l i g h t l y  d i f f e r e n t l y  t h a n  w e  d i d  f o r  h i s  own c a l c u l a t i o n s .  
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The new v a l u e  o f  (Ba/Bs) i s  approximately 0.048 f o r  
t h i s  d a t a ,  b u t  D o l l f u s '  o r i g i n a l  f i g u r e  of 0.036 must  be  con- 
s i d e r e d  t h e  more r e l i a b l e  b e c a u s e  of p o s s i b l e  a d d i t i o n a l  
f a c t o r s  i n  t h e  d a t a  a n a l y s i s  w h i c h  h e  may have  fo rgo t t en  ove r  
t e n  y e a r s .  The comparison  does show two things,   however.  
F i r s t l y ,   t h e   e r r o r   o f  + - 15%, deduced from a leas t  squa res  f i t  
t o  h i s  p o i n t s ,  i s  no t  ve ry  mean ingfu l  a s  an  unce r t a in ty  because  
o f   t he   o the r   f ac to r s   j u s t   men t ioned .   Second ly ,   Do l l fus   does  
a p p e a r  t o  h a v e  u s e d  t h i s  m e t h o d  t o  r e d u c e  h i s  d a t a .  
It i s  p e r t i n e n t  t o  a n a l y z e  t h e  d a t a  d i f f e r e n t l y ,  u s i n g  
t h e  e q u a t i o n  
The two r a t i o s  B (O,O)/B (V,Q) and B (O,O)/B ( V , O )  a r e  a l s o  ob- 
t a ined  f rom the  in t e rpo la t ions  on  F igu re  A - 1 ,  bu t  do no t  now 
make t h e   a p p r o x i m a t i o n   o f   s e p a r a t i n g   t h e   v a r i a b l e s .  The r e s u l t s  
a r e  shown i n   F i g u r e  A - 4 .  The l i n e  i s  a t  l ea s t  s q u a r e s  f i t  t o  13 
o f  t h e  p o i n t s  a n d  h a s  a s l o p e  o f  0.0147 + - 0.0072 w i t h   a n   i n t e r -  
c e p t  of A(€)) = -0.009. Such   an   i n t e rp re t a t ion  assumes A(@) t o  
be   cons t an t   ove r   t he   r ange   o f   t he   expe r imen t .   The re  were t h r e e  
p o i n t s  f o r  w h i c h  e >  5 5 " ;  t h e s e  are  marked as s q u a r e s  i n  t h e  
f i g u r e .   O m i t t i n g   t h e s e   i n   t h e   c a l c u l a t i o n   g i v e s  a s l o p e   o f  
0.015 + - 0.0046 and an  in te rcept  of  + 0 .0014 .  Hence t h i s  low 
value t o  t h e  s l o p e  c a n n o t  b e  p u t  t o  t h e  v a l u e s  assumed f o r  A(e) .  
Anothe r  ca l cu la t ion  w a s  made w i t h  d i f f e r e n t  i n t e r p o l a t i o n  c u r v e s  
fo r  t he  pho tomet r i c  da t a  and  y i e lded  Ba/Bs = 0.0175 wi th  an  
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Fig. A - 4  Plot of Data for Method 1 Using  Photometric 
Data  Correctly 
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than  the  first. 
From  the  foregoing remarks,  attaching  an  error  to  the 
result  is  not  easy.  Errors  arising  through  use of the  photo- 
metric  data  are  greatest  for  measurements  at  large V because: 
1) For V >  30" there  is no published  photometric 
curve  and  (see  Fig.  A-2)  the  extrapolation  is 
rather  uncertain. 
2) Most  measurements  were  made  towards  the  terminator 
where  the  @-dependence of the  photometric  curves 
is  very  strong. Hence, the  results  are  very 
sensitive  to  the  positions of these  curves.  Con- 
sequently,  small  errors  in  extrapolation  have a 
large  effect. 
An  example will demonstrate  this  fairly  well.  At V = 30" 
(using  one of Dollfus'  published  curves)  and 8 = 55" towards 
the  terminator (a value  used  by  Dollfus),  an  error of + - 0.05  in 
the  photometric  ratio  gives B (30,55)/B ( 0 , O )  = 0.32 + - 0.05, 
or  an  error of + 15%. The  scatter  in  the  published  data  points 
range  over + - 0.08 for  these angles, s o  this  is  a  reasonable  es- 
timate.  For  the V = 40" curve,a  similar  scatter  would  be  ex- 
pected  for 45", but  now  the  mean  is  a  result  of  extrapolation, 
so that  an  error of twice  this  is  not at all unlikely.  A  study 
of the  published  data22  leads  to  the  conclusion  that  in  this 
data  reduction,  the  errors  to  be  assigned  due  to  uncertainties 
in  the  photometric  data  (or  due  to  lack of such  data)  are 
22 - 
0" <V<3Oo -60" <e <+2.5" 2 6% 
0" < V < 3 0 "  e > +250 + 15% 
V >  30" 
" 
- 
e > +250 - + 30% 
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For  po in t s  ve ry  nea r  t he  t e rmina to r  t he  e r ro r  i s  g r e a t e r  s t i l l .  
The d e r i v a t i o n s  are f a i r l y  a r b i t r a r y  of cour se  because ,  fo r  
e x a m p l e ,  t h e  p o s i t i o n  o f  t h e  e x t r a p o l a t e d  c u r v e  f o r  V = 40" i s  
r e l a t e d  t o  i n t e r p o l a t i o n s  b e t w e e n  t h e  c u r v e s  V = l o " ,  20", 30".  
They  do se rve ,  however ,  a s  an  ind ica t ion  o f  t h e  e r r o r s  t o  be 
e x p e c t e d ,  a l t h o u g h  t h e  e r r o r s  n e a r  t h e  s u b - s o l a r  p o i n t  a r e  l e s s  
t h a n  t h e  i n d i c a t e d  + - 8%; however, due  t o  t h e  n a t u r e  o f  t h e  
po la r ime te r ,  po la r ime t r i c  measu remen t s  a t  t he  sub - so la r  po in t  
( sma l l  8) a r e  much l e s s  a c c u r a t e  t h a n  a t  l a r g e r  8. I n  connec t ion  
w i t h  t h e s e  e r r o r s  i t  i s  w o r t h  n o t i n g  t h a t  i n  t h e  s e c o n d  of  t h e  
two e s t i m a t e s  f o r  Ba/Bs mentioned  on  page 11 t h e  t h r e e  p o i n t s  
w i t h  V > 4 0 "  ( for   which  Q ( 5 . 5 " )  were included.   Thus,  i t  i s  seen 
t h a t  t h e y  do n o t   c h a n g e   t h e   r e s u l t   v e r y  much. It i s  assumed 
t h e r e f o r e ,   t h a t   a n   e r r o r   o f  + - 15% should be included i n  t h e  
e s t i m a t e  o f  ( B , / B ~ ) .  
It i s  important  t o  apprec i a t e  t he  a s sumpt ions  made i n  a 
l e a s t  s q u a r e s  f i t  t o  t h e  d a t a .  The usual   formulae  were  used,  
min imiz ing  the  ve r t i ca l  d i sp l acemen t  of p o i n t s  f r o m  t h e  l i n e  
which impl i e s  t h a t  a l l  t h e  e r r o r  l i e s  i n  t h e  o r d i n a t e s .  T h i s  was 
t h e  b a s i s  f o r  t h e  l i n e s  drawn i n   F i g u r e s  A-3 and A-4 .  Such a 
p r o c e d u r e  r e q u i r e s  j u s t i f i c a t i o n  by  a proper  assessment  of  the  
e r r o r s   a s s o c i a t e d   w i t h   t h e   v a r i o u s   q u a n t i t i e s .  When t h i s  i s  
done, i t  a p p e a r s  t h a t  a  more c a r e f u l  a p p l i c a t i o n  o f  t h e  l e a s t  
squares  method would increase the s lope of t h e  l i n e  i n  F i g u r e  A-4 
t o  some e x t e n t .  It thus   appea r s   t ha t  Ba/Bs = 0.015 i s  probably  
a lower l i m i t .  
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Dol l fus  used  a f i n i t e  s p e c t r a l  band width i n   h i s  measure- 
ments. He i n d i c a t e d 2 '   t h a t   t h e   c o l o r e d   g l a s s  f i l t e rs  u s e d   f o r  
0 . 6 1 ~  were similar t o  a Wrat ten f i l t e r  25A, a n d  t h a t  t h i s  m u s t  
be  combined  wi th  the  sens i t i v i ty  cu rve  fo r  t he  eye .  The r e s u l t  
i s  a h a l f - w i d t h  o f  500 1 ( a p p r o x i m a t e l y ,  s i n c e  t h e  p r o f i l e  h a s  
a longer  t a i l  i n  t h e  r e d ) .  The e r r o r  i n  n e g l e c t i n g  t o  i n t e -  
g r a t e  o v e r  t h i s  s p e c t r a l  p r o f i l e  d o e s  n o t  a p p e a r  i n  t h e  d e d u c t i o n  
of Ba/Bs,  p rov id ing  a s i m i l a r  f i l t e r  w a s  u sed  in  the  pho tomet r i c  
measurements.  These  measurements were made by a p o l a r i m e t r i c  
method, s o  t h a t  i t  i s  v e r y  p r o b a b l e  t h a t  a s i m i l a r  f i l t e r  was 
used.   Errors   due  to   measurement  of  8 c o u l d  b e  e i t h e r  way, a l -  
though there  may be a s y s t e m a t i c  e f f ec t ,  and a re  assumed t o  be 
i n c l u d e d  i n  t h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  0 . 0 0 7 .  
Adding t h e  m a j o r  e r r o r s  now g i v e s   t h e   s t a n d a r d   e r r o r  ( s ) 
as 
s o  
+ (0.15)2 , 
" Ba - 0.0147 + 0.0100 
BS 
- 
T h i s  e r r o r  i s  t h e  b e s t  t h a t  c a n  
bu t   shou ld   be   u sed   w i th   cau t ion .   The re  
be obtained from the data  
s t i l l  r ema ins  the  unce r t a in  
c o n t r i b u t i o n  f r o m  a e r o s o l  p a r t i c l e s ,  f o r  w h i c h  n o  estimate can be 
made,  and t h e r e  may b e   o t h e r   f a c t o r s  as y e t  unknown. The e f f ec t  
o f  e r r o r s  i n  t h e  l e a s t  s q u a r e s  f i t  i s  a l s o  n e g l e c t e d  i n  t h e  a b o v e  
r e s u l t .  
Second Method 
I n  t h i s  method Dollfus made measurements a t  8 = 0 and 
A = 0 . 5 3 ~  and 0 . 6 1 ~ .  R e f e r r i n g   t o   e q u a t i o n  (5) i t  i s  s e e n  t h a t  
f o r  t h i s  p a r t i c u l a r  case it  becomes 
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I n  h i s  w o r k ,  D o l l f u s  o m i t t e d  t h e  f i r s t  two terms i n  t h e  r i g h t -  
hand s i d e ,  t h u s  n e g l e c t i n g  t h e  v , a r i a t i o n  o f  s u r f a c e  p o l a r i z a t i o n  
w i t h   w a v e l e n g t h .   D o l l f u s   e x p l a i n e d 2 '   t h a t   h e   d i d   t h i s   b e c a u s e  
a t  t h a t  t i m e ,  t h e r e  was no da ta  wh ich  cou ld  be  in se r t ed  in to  the  
equat ion .  H e  was aware  that   th is   method  produced  only  an  approx-  
ima te  va lue  fo r  Ba/Bs b u t  r e g a r d e d  t h i s  as a use fu l  check  on t h e  
f i r s t  method.  Consequently  he  also  included  measurements made on 
the   dark   a reas   o f   Mars .  H i s  r e s u l t s  f o r  Ba/Bs of  0.030 and 0.031 
f o r  t h e  d a r k  a n d  b r i g h t  a r e a s  r e s p e c t i v e l y  d i d  p r o v i d e  s u c h  a 
check .   In   h i s   da t a   r educ t ion   Do l l fus   p i cked   ou t   one   po in t   fo r  
PAl- PA a t  a g i v e n   a n g l e .   F o r   t h e   b r i g h t   a r e a s ,   t h e   p o i n t s   a r e  
shown h e r e  i n  F i g u r e  A-5; t he  po in t  t aken  by Dol l fus  was V = 30" 
P = 0.007. Such  a   procedure  gives   more  weight   to   points   around 
V = 30" t h a n  t h o s e  a t  o t h e r  V. This  may be j u s t i f i e d  by some 
o the r  knowledge ,  e .g .  i f  {Ps (V,A1)-Ps (V,ho$ was small a t  
V = 30"; t h e r e  i s  no r e a l  e v i d e n c e  t h a t  t h i s  i s  t h e   c a s e .  R e -  
p l o t t i n g  t h e  d a t a  i n  s t r a i g h t  l i n e  f o r m  (AP a s  o r d i n a t e )  c a n  
g ive  a s l o p e  o f  Ba/Bs. When t h i s  was done  using  the  photometr ic  
da t a  ob ta ined  f rom Dol l fus '  t he  r e su l t  gave  (by least  s q u a r e s ) ,  
0 
" Ba - 0.0071 + 0.0044 , 
BS 
- 
I n t e r c e p t  = 0.0059 + - 0.0015, 
whereas   t he   i n t e rcep t   shou ld  be zero.   This   could  be  due  to  s u r -  
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Fig .  A-5  Reproduct ion of t h e  d a t a   i n   F i g u r e  48 
of  c6.3 f o r  t h e  b r i g h t  r e g i o n s  of Mars 
on ly .   Th i s  shows t h e   d i f f e r e n c e   i n  
p o l a r i z a t i o n  ( g r e e n - r e d )  f o r  8 = 0. 
dependence of  p o l a r i z a t i o n  by l i m o n i t e ,   s u p p l i e d  by Do l l fus  , 
showed Ps t o  o s c i l l a t e  w i t h  V,  varying between + 0 . 6  t o  -1.4 
f o r  Al= 0 . 5 5 ~ ~  ho= 0.63A (see page  6) .   Coulson 's   dataz4,   which 
has  a l r eady  been  men t ioned  in  the  ma in  t ex t ,  does  show a v a r i a -  
t i o n   i n   t h e   p o l a r i z a t i o n   o f   h i s   l i m o n i t e   s a m p l e .   F o r   t h e  two 
w a v e l e n g t h s  0 . 6 4 ~  a n d  0 . 4 9 2 ~ ~  t h e  p o l a r i z a t i o n s  a t  V = 20" were 
-18% and -20% r e s p e c t i v e l y ;  f o r  V = 3 0 "  t h e  r e s p e c t i v e  f i g u r e s  
were -2% and +5%. These   f igures  are  q u i t e  d i f f e r e n t  from  those 
obtained  f rom  Dollfus '   data2 ' .   This   l imonite   sample,   however ,  
does not  f i t  t h e  Mars p o l a r i m e t r i c  p r o f i l e  a n d  so  t h e  D o l l f u s  
sample  (which  presumably  does f i t )  s h o u l d  be a b e t t e r  g u i d e ;  b u t  
t h e  e f f e c t  i s  t o o  u n c e r t a i n  t o  b e  i n c l u d e d  i n  t h e  c a l c u l a t i o n .  
2 1  
The r e a s o n  f o r  t h i s  low v a l u e  o f  Ba/Bs i s  n o t  c l e a r ,  b u t  
t h e  r e s u l t  i s  much lower  than  the  one  o r ig ina l ly  g iven  by 
Dollfus,   namely Ba/Bs = 0.031, a n d  s u p p o r t s  t h e  s u p p o s i t i o n  t h a t  
h i s  o r i g i n a l  d a t a  r e d u c t i o n  g a v e  r e s u l t s  w h i c h  were too  h igh .  
The u n c e r t a i n t i e s  i n  t h i s  method exceed those of method 1 due t o  
the   in t roduct ion   of   wavelength   dependences .  Not on ly  i s  t h e r e  
t h e  u n c e r t a i n  b e h a v i o r  o f  t h e  M a r t i a n  s u r f a c e  i n  t h i s  r e s p e c t ,  
bu t  a l so  the  a tmosphe re  wh ich  i s  probably  not  a t r u e  Rayle igh  
sca t te re r .  Thus t h e  e r r o r  g i v e n  t o  t h e  v a l u e  o f  Ba/Bs s h o u l d n ' t  
b e  t a k e n  l i t e r a l l y ,  as t h e  o v e r a l l  u n c e r t a i n t y  p r o b a b l y  e x c e e d s  
+ - 100%. 
Th i rd  Method 
This  method i s  a combination  of  methods 1 and 2 .  The 
equat ion  used  by Do l l fus  i s  
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I n  t h i s  equa t ion  Do l l fus  has  neg lec t ed  the  A-va r i a t ion  o f  
n(f3). A check   o f   Do l l fus '   c a l cu la t ion  shows a n   a r i t h m e t i c a l  
e r r o r ,  n e g l e c t i n g  t o  s u b t r a c t  u n i t y  i n  t h e  f i r s t  b racke t  ( f i r s t  
po in ted  ou t  by Chamberlain and Hunten''). 
C o r r e c t i n g  f o r  t h i s  e r r o r  y i e l d s  
B 
2 = 0 . 0 3 4 ,  0.0376,   0 ,0775.  
BS 
Dol l fus  made o n l y   t h r e e   d a t a   r e d u c t i o n s  by t h i s   m e t h o d .   I n   h i s  
papers  5 7 6  he  s t a t e s  t h a t  t h e  t h i r d  was t h e  l e a s t  a c c u r a t e ,  a n d  h e  
la te r2 '  i n d i c a t e d  t h a t  t h e  a t m o s p h e r i c  t r a n s p a r e n c y  was poorer  
a t  the t i m e  th i s   measurement  w a s  made.   Using  the  f igures   which 
Do l l fus  g ives5  wi th  the  pho tomet r i c  cu rves  men t ioned  ea r l i e r  
and the  fo l lowing  equa t ion ,  
( P e - P )  - ( P e - p )  = -  Ba . s in '  v sin 
O hl O A. BS 2 - B ~ o , o ~ ]  V , O  
o n e  o b t a i n s ,  
" Ba - 0 . 0 5 0 ,  0.016,  0.009 , 
BS 
r e s p e c t i v e l y ,  It i s  i n t e r e s t i n g  t o  n o t e   t h a t   t h e  f i r s t  measure- 
ment was made towards   the   l imb  and   the  l a s t  two towards   the  
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t e r m i n a t o r .   I n   t h i s   m e t h o d   t h e r e  are a l l  t h e  u n c e r t a i n t i e s  
assoc ia ted  wi th  both  methods  1 and 2 w i thou t  a s u f f i c i e n t  num- 
ber of measurements to enable s ta t i s t ics  t o  b e  u s e d  e f f e c t i v e l y .  
The re fo re ,  t he  resu l t s  m u s t  be weighted much lower than those of  
t h e  f i r s t  two methods. 
Four th  Method 
The f o u r t h  method i s  r a t h e r  d i f f e r e n t  f rom Dol l fus '  o ther  
two methods. H e  cons iders   l igh t   f rom  the   whole   p lane t   and   hence  
works i n  terms o f   i n t e n s i t y ,   n o t   b r i g h t n e s s .  By a s imple   ca lcu-  
l a t i o n  he deduces that  
Ia = 27rR Bay  2 
and 
where 
Is = nR Bs 2 Y 
Ba - 0.5 - . 'a 
BS I S  
"
There  a re  compl i ca t ions  due to  the  non-un i fo rm b r igh tness  o f  t he  
ground so  he takes  a f a c t o r  0 .7  r a t h e r  t h a n  0.5,  without any 
e x p l a n a t i o n .  L i g h t  f r o m  o c c a s i o n a l  v e i l s  and  clouds  would  be 
i n c l u d e d  i n  t h e s e  i n t e n s i t i e s .  
D o l l f u s  a t t r i b u t e s  a low accuracy  to  th i s  method which  
seems h i g h l y   p r o b a b l e .   F u r t h e r ,   e r r o r s   c o u l d   n o t  be  placed 
upon the measurements  and data  reduct ion without  a l a r g e  e f f o r t  
which   seems  po in t less .  Hence t h i s  method  was not   ana lyzed ,  
a l though Dol l fus  d id  obta in  approximate  agreement  wi th  h is  f i r s t  
t h ree  deduc t ions .  
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Abs o rp  t i o n  
The e f fec t  o f  a b s o r p t i o n  i s  t o  ra i se  t h e  v a l u e  o f  
11 
Ba/Bs.  O p i k ' s   r e s u l t   w o u l d   r a i s e  i t  by 50%. Th i s  i s  probably  
much too much ( Ib l l fus  ) and so ,  s i n c e  no f i g u r e  i s  a v a i l a b l e ,  
on ly  a w i d e r  e r r o r  ( o r  u n c e r t a i n t y )  l i m i t  can  be  p laced  on t h e  
f i n a l  r e s u l t .  It a p p e a r s   v e r y   p r o b a b l e   t h a t  20% on Ba/Bs would 
present  an  upper  l i m i t  so t h i s  f i g u r e  i s  used  below i n  g i v i n g  
t h e  f i n a l  estimate f o r  Ba /Bs .  
21 
F i n a l  Estimate f o r  B / B  a-s- 
D o l l f u s '  f i r s t  method i s  the  most  accurate.  When t h e  
d a t a  i s  processed  wi thout  assuming tha t  the  dependence  on V 
and 8 can  be  sepa ra t ed , a  l eas t  squa res  f i t  t o  t h e  d a t a  g i v e s  
B ~ / B ~  = 0.0147. 
2 . 3  The Meaning of t h e   E r r o r   A t t a c h e d   t o  Ba/Bs -
A n o t e  on t h e  m e a n i n g  o f  t h e  e r r o r  a t t a c h e d  t o  Ba/Bs 
i s  i n  o r d e r .  The  mean s q u a r e s   d e t e r m i n a t i o n   g i v e s   t h e   s t a n d a r d  
e r r o r .   I n   n o r m a l   e r r o r   t h e o r y ,   t h e   p r o b a b i l i t y   t h a t   t h e  mean 
o f  a s e t  of v a l u e s  l i e s  w i t h i n  t h e  s t a n d a r d  e r r o r  i s  68%. The 
p r o b a b i l i t y  t h a t  i t  l i e s  w i t h i n  twice t h e  s t a n d a r d  e r r o r  i s  
95.4%: t h r e e  times t h e   s t a n d a r d   e r r o r  i s  99.7% and so on. Con- 
s e q u e n t l y ,   i n   t a k i n g   t h e   s t a n d a r d   e r r o r   ( p a g e  1 5 ) ,  t h e r e  i s  
only  a 68% p r o b a b i l i t y  t h a t  t h e  d e d u c e d  v a l u e  l i e s  w i t h i n  t h e s e  
l imits.  The o t h e r  two e r r o r s   w h i c h  were inc luded ,   due   t o  un- 
c e r t a i n t i e s  i n  t h e  p h o t o m e t r i c  d a t a  ( a n d  i t s  a p p l i c a t i o n  t h r o u g h  
i n t e r p o l a t i o n  a n d  e x t r a p o l a t i o n )  a n d  t h e  e f f e c t  o f  M a r t i a n  a t -  
mosphe r i c  abso rp t ion ,  were n o t  a s s e s s e d  s t a t i s t i c a l l y  a n d  t h e r e -  
f o r e  c a n n o t  b e  r e g a r d e d  i n  t h i s  way. Drawing a comparison  one 
might estimate the  fo l lowing :  
Photometry  Absorpt ion 
6 8 %   p r o b a b i l i t y  + - 10% + 15% 
95% p r o b a b i l i t y  + - 20% + 30% 
These  f igu res  are r a t h e r  i n t u i t i v e  b u t  w i l l  r e s u l t  i n  a c l o s e r  
c o r r e l a t i o n   w i t h   t h e  least  squa res   e r ro r .   Consequen t ly   one  
now o b t a i n s  t h e  f o l l o w i n g  r e s u l t s ;  
- = 0.015 6 8 %   p r o b a b i l i t y ,  Ba 
BS 
and 
" - 0.015 + - o:015 020 95% p r o b a b i l i t y  . 
BS 
I n  r e g a r d i n g  t h e s e  error limits one should s t i l l  b e a r  i n  mind 
t h e  p o i n t  a l r e a d y  m e n t i o n e d  s e v e r a l  times i n  t h i s  r e p o r t ;  
name ly ,  t ha t  t he  conc lus ions  of t h i s  e v a l u a t i o n  c o u l d  be u p s e t  
by be t te r  knowledge  of t h e  Mars atmosphere. 
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2 . 4  The  Blue Haze and  Atmospheric .U"" E x t i n c t i o n  _."P 
I n t r o d u c t i o n  
I n  o r d e r  t o  g a i n  a n  u n d e r s t a n d i n g  of t h e  k i n d s  of p a r t i -  
c l e swhichmigh t  be  p re sen t  i n  the  Mar t i an  a tmosphe re ,  a review 
of t h e  o b s e r v a t i o n a l  e v i d e n c e  p e r t a i n i n g  t o  t h i s  q u e s t i o n  has 
been made. I n  the c o u r s e   o f   t h i s  review, i t  became apparent :  
that ,  i n  many cases, the observations have been somewhat over- 
i n t e r p r e t e d , a n d  i t  i s  t h e  i n t e r p r e t a t i o n s  w h i c h  a re  commonly 
r e f e r r e d  t o  ra ther  than  the ev idence ,   Consequent ly ,   an   a t tempt  
was made t o  examine the i n t e r p r e t a t i o n s  as w e l l .  T h i s  l e d  t o  
the  p roduc t ion  o f  a document which w a s  cons ide rab ly  longe r  than  
w e  o r i g i n a l l y   i n t e n d e d .  It i s  f a i r l y   o b v i o u s   t h a t  more  obser- 
v a t i o n a l  a n d  t h e o r e t i c a l  work  needs t o  be  done  before  grea t  
conf idence  can  be  p laced  in  our  knowledge  of t h e  n a t u r e  o f  
p a r t i c u l a t e  matter in   the   Mar t ian   a tmosphere .   Here  we s h a l l  
s imp ly  p resen t  a b r i e f  summary o f  t h e  r e l e v a n t  o b s e r v a t i o n a l  
ev idence  and  the  conclus ions  of  the  comple te  rev iew.  
Observa t ions  
A r ange  o f  c loud  phenomena has b e e n  o b s e r v e d  i n  t h e  
Mar t ian   tmosphere   These   inc lude ;   ye l low  c louds ,   a t t r i .bu ted  
t o   v i o l e n t   d u s t   s t o r m s ;   w h i t e   c l o u d s   a n d   b l u e   c l o u d s ,  The white 
c louds  are u s u a l l y  d i f f u s e ,  of low c o n t r a s t ,  a n d  c o v e r  l a r g e  
areas, e s p e c i a l l y  a t  t h e   s u n r i s e   t e r m i n a t o r ,  The  blue  c:louds 
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are small and  sharp ,  moving w i t h  t h e  s u r f a c e  f e a t u r e s  as t h e  
p l a n e t  rotates.  I n   a d d i t i o n ,  small w h i t e   c l o u d s ,   o r   p a t c h e s ,  
have  a l so  been  desc r ibed  6 3  y 6 4 .  Photographic  observa t ions  made 
ove r  a range of  wavelengths  show a n  o b s c u r a t i o n  o f  d e t a i l  i n  
t h e  b l u e  a n d  u l t r a v i o l e t ,  w h i c h  i s  g i v e n  t h e  name Blue  Haze. A 
g r a p h i c  i l l u s t r a t i o n  o f  t h i s  o b s c u r a t i o n  i s  g iven  by de Vau- 
cou leu r s  . I n  P l a t e  111 of h i s  book,  he  shows a ser ies  o f  n e a r l y  
s imultaneous photographc taken by Wright a t  s i x  e f f e c t i v e  wave- 
lengths   ranging   f rom 0 . 3 7 ~  t o  0 . 7 6 ~ .  From these   photographs ,  i t  
a p p e a r s  t h a t  t h e r e  i s  some loss of c o n t r a s t  e v e n  i n  t h e  r e d  
(compared w i t h  t h e  i n f r a r e d ) ;  however t h i s  becomes q u i t e  p e r -  
c e p t i b l e  i n  t h e  y e l l o w  a n d  i s  c o m p l e t e  i n  t h e  v i o l e t  ( s e e  a l s o  
S l i ~ h e r ~ ~  P€.ate XV). A s  the   wavelength of  t h e  l i g h t  d e c r e a s e s ,  
t h e  p o l e  c a p s  become more prominent as do t h e  b l u e  c l o u d s ;  t h e  
photographs by Wright show t h e  p l a n e t  t o  h a v e  a mot t led  appear -  
a n c e   i n   t h e   b l u e   a n d   u l t r a v i o l e t .   T h i s   n o n - u n i f o r m i t y  i s  u s u a l l y  
found;   but   not   a lways.  S l i ~ h e r ~ ~  gives  photographs  which do n o t  
show t h e s e  c l o u d  f e a t u r e s ,  e . g . ,  Plates V I I ,  XXIII, XXIV;  h i s  
P l a t e  XXIII shows twenty photographs of  Mars t a k e n  i n  b l u e  
l i g h t  which serve to  emphas ize  the  pa t chy  appea rance  tha t  
u s u a l l y   p r e v a i l s .  It i s  i n t e r e s t i n g  t o  n o t e ,  i n  t h e s e  l a s t  
p l a t e s ,  t ha t  some t imes  the  po le  caps  appea r  small a n d  b r i g h t ,  
w h i l e  a t  o t h e r  times they  are l a r g e  a n d  d i f f u s e .  
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Blue  c l ea r ing  i s  a phenomenon which has  aroused much 
i n t e r e s t .  The  phenomenon may be   descr ibed  as a d i s p e r s a l  o f  
t he  obscu r ing  haze  so t h a t  s u r f a c e  f e a t u r e s  may be  d i sce rned  
i n  t h e  b l u e .  Many i n s t a n c e s  of b l u e  c l e a r i n g  h a v e  b e e n  r e p o r t e d ,  
mos t ly  a t  oppos i t i on .   S ince   obse rva t ions   on  Mars are u s u a l l y  
made a t  o p p o s i t i o n ,   t h i s  i s  n o t   n e c e s s a r i l y   s i g n i f i c a n t .   S l i p h e r  
has  made a su rvey  of p l a t e s  t a k e n  i n  b l u e  l i g h t  b e t w e e n  1 9 2 2  a n d  
1960,   s tudying some 60,000  photographs.  H e  found  tha t   the   ob-  
s e r v a t i o n a l  e v i d e n c e  t e n d s  t o  s u p p o r t  t h e  c o n c l u s i o n  t h a t  t h e r e  
i s  a de f in i t e  t endency  fo r  p ronounced  b lue  c l ea r ing  to  occur  nea r  
oppos i t i on ,  a l though  the  s tudy  d id  d i sc lose  examples  o f  b lue  
c l e a r i n g  as f a r  as 60  days  from  opposition.  Sagan  and  Kellogg , 
commenting  on t h i s  s u r v e y ,  p o i n t  o u t  t ha t  t h e  r e su l t s  are s u b j e c t  
t o  o b s e r v a t i o n a l  s e l e c t i o n  a n d  t h a t  i t  i s  not  c lear  whether  any  
c o r r e l a t i o n  w i t h  o p p o s i t i o n  w i l l  remain when t h e  e f f e c t s  o f  s u c h  
s e l e c t i o n  are r emoved .   S l iphe r   po in t s   ou t   ha t ,  a t  o p p o s i t i o n ,  
t h e  o b s e r v e r s '  l i n e  o f  s i g h t  i s  n e a r l y  p a r a l l e l  t o  t h e  S u n ' s  
r a y s  a n d  u n d e r  t h e s e  c o n d i t i o n s  g r e a t e r  c o n t r a s t  may be observed; 
Menze17' a l s o  s u g g e s t s  t h i s  as an i n t e r p r e t a t i o n  o f  b l u e  c l e a r i n g .  
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A t  t h i s  p o i n t ,  i t  i s  worth  commenting on t h e  n a t u r e  o f  
t h e  o b s e r v e d  b l u e  c l e a r i n g s .  Very f e w  o f   t hese   g ive   comparab le  
photographs  in  the  b lue  and  red ;  examples  tha t  do are t h e  
oppos i t ions   o f   1926,   1937,  1941, 1954,   for   which S l i ~ h e r ~ ~  shows 
photographs.   For  the  1937  example  he shows photographs  taken 
i n  t h e  y e l l o w  a n d  t h e  b l u e  i n  w h i c h  t h e  c o r r e l a t i o n  i s  unmis- 
t a k a b l e ;  h o w e v e r ,  t h e  c o n t r a s t  i n  t h e  b l u e  i s  s t i l l  i n f e r i o r  t o  
t h a t  i n  t h e  y e l l o w  ( o n e  s h o u l d  b e a r  i n  mind t h a t  t h e s e  comments 
are  made on publ ished reproduct ions which are o b v i o u s l y  i n f e r i o r  
t o   t h e   o r i g i n a l   p l a t e s .   I n   a d d i t i o n ,   t h e   p l a t e   c h a r a c t e r i s t i c s  
a r e  p r o b a b l y  d i f f e r e n t  f o r  t h e  two s p e c t r a l  r e g i o n s . )  A s  Hess 
h a s  p o i n t e d  o u t  t h i s  i s  n o t  n e c e s s a r i l y  d u e  t o  p a r t i c u l a t e  
m a t t e r  b e c a u s e ,  s i n c e  t h e  b r i g h t  areas are r e d ,  a d e c r e a s e  i n  
c o n t r a s t  i s  t o  be expected a t  sho r t e r  wave leng ths  ( and  th i s  
was t h e  e a r l y  e x p l a n a t i o n  of t h e  " o b s c u r a t i o n "  i n  t h e  b l u e ) .  
In  the  ma jo r i ty  o f  pub l i shed  pho tographs ,  b lue  c l ea r ing  i s  o n l y  
s l i g h t ,  t h e  c o n t r a s t  i s  low and  su r face  f ea tu res  can  on ly  be  
d i s c e r n e d  i n  c e r t a i n  r e g i o n s  o f  t h e  p l a n e t a r y  d i s k .  S i n c e  p h o t o -  
graphs  of t h e  b l u e  h a z e  o f t e n  show many f ea tu res  wh ich  are o f  
a tmosphe r i c  o r ig in  i t  i s  obv ious  tha t  g rea t  ca re  has  to  be  
t a k e n  t o  i n s u r e  t h a t  a p a r t i a l  c l e a r i n g  i s ,  i n  f a c t ,  b e i n g  ob- 
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se rved .  
A t t empt s  to  de f ine  an  e f f ec t ive  wave leng th  cu t -o f f  fo r  
t he  b lue  haze  have  l ed  to  a f i g u r e  o f  A M  0 . 5 4 ~ .  S l i ~ h e r ~ ~  used 
a c o m b i n a t i o n  o f  s p e c t r o g r a p h i c  p l a t e s  a n d  W r a t t e n  f i l t e r s  a n d  
o b t a i n e d  r e s u l t s  w h i c h  s u g g e s t e d  t h a t  t h e  o b s c u r a t i o n  was no t  
g r a d u a l  b u t  was more o r  l e s s  a b r u p t  a t  A = 0.455A. Richardson 
r e p o r t s  t h a t  s i x  i n d e p e n d e n t  e y e  estimates on spectrograms 
c o v e r i n g  t h e  r e g i o n  A = 0 . 4 0 0 ~  t o  0 . 5 0 0 ~  g a v e  t h e  w a v e l e n g t h  a t  
which  the  mar ia  became i n d i s t i n g u i s h a b l e  i n  t h e  r a n g e  0.4261~. t o  
0 . 4 5 8 ~  w i t h  a mean of  0 . 4 4 2 ~ ;  t h e  maria cou ld  be  fo l lowed  wi th  
u n c e r t a i n t y  down t o  0 . 4 6 0 ~ .  When a b l u e  c l e a r i n g  i s  observed 
t h e r e  seems t o  be no evidence to  show w h e t h e r  t h i s  c u t - o f f  i s  
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s imply  ex tended  to  a s l igh t ly  lower  wave leng th  o r  whe the r  t he re  
i s  a g e n e r a l  c l e a r i n g  t o  much lower  wavelengths.  8pik7' estim- 
ates t h a t  b l u e  c l e a r i n g  i s  c o n f i n e d  t o  t h e  b l u e  a n d  t h a t  i n  t h e  
v i o l e t  a permanent v e i l  cove r s  t he  p l ane t ,  p re sumab ly  no t  
c l ea r ing .   Ku ipe r4 '   a l so   suppor t s   t h i s  view. T h e r e   c e r t a i n l y  
does  no t  appea r  t o  be  any  pho tograph ic  ev idence  in  the  u l t r a -  
v i o l e t  w h i c h  i n d i c a t e s  t h e  d i s p e r s i o n  o f  t h e  h a z e ,  s u g g e s t i n g  
t h a t  a b lue  c lear ing  might  be  a s h o r t  o f  t h e  c u t - o f f  t o  
* 
s l igh t ly  lower  wave leng th .  
Conclusions 
The obse rva t iona l  ev idence  i s  conv inc ing  in  sugges t ing  
t h a t  p a r t i c u l a t e  m a t t e r  i s  f r e q u e n t l y  p r e s e n t  i n  t h e  M a r t i a n  
a t m o s p h e r e   i n   a p p r e c i a b l e   q u a n t i t i e s .   D o l l f u s   h a s   s t a t e d   t h a t  
t he  obse rva t ions  he  made to  de t e rmine  the  Mar t i an  su r face  
p r e s s u r e  were o b t a i n e d  a t  times when the  a tmosphe re  o f  t he  
p l a n e t   a p p e a r e d   p a r t i c u l a r l y   t r a n s p a r e n t .   T h i s   p r e c a u t i o n  
w o u l d  e l i m i n a t e  e f f e c t s  due to  the  ye l low c louds  o r  dus t  s to rms  
bu t  i t  seems l i k e l y  t h a t  v e r y  s m a l l  p a r t i c l e s  c a r r i e d  a l o f t  i n  
these s torms would always be present  - i n  a n a l o g y  t o  t h e  c o n -  
d e n s a t i o n   n u c l e i   i n   t h e   E a r t h ' s   a t m o s p h e r e .   I n   a d d i t i o n ,  
t h e r e  i s  the  problem  posed by the   b lue   haze .   Dol l fus   does   no t  
s t a t e  w h e t h e r  h i s  o b s e r v a t i o n s  w e r e  made a t  t imes o f  b lue  
c l e a r i n g .  Even i f  t h i s  were   the   case ,   however ,   there   appears  
t o  b e  e v i d e n c e  t h a t  t h e  c l e a r i n g  i s  s imply a d e c r e a s e  i n  t h e  
wavelength   o f   the   b lue   haze   cu t -of f .   Thus ,   whatever   agent  i s  
r e spons ib l e  fo r  t he  haze  r ema ins  in  the  a tmosphe re  and  w i l l  
c o n s e q u e n t l y  a f f e c t  t h e  p o l a r i m e t r i c  o b s e r v a t i o n s .  
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No one  theo ry  o f  t he  b lue  haze  exp la ins  the  several 
f e a t u r e s   o f   t h i s  phenomenon. S o v i e t   o b s e r v e r s   b e l i e v e   t h a t   t h e  
o b s c u r a t i o n  c a n  b e  e x p l a i n e d  e n t i r e l y  b y  s c a t t e r i n g ,  b u t  f a i l  
t o  i n d i c a t e  how the  a lbedo  can  be  so low.   For   the  most   par t ,  
t hey  emphas ize  Ray le igh  sca t t e r ing ;  a l though  some mention i s  
made o f  o t h e r  scatterers,  they  do no t  appea r  t o  have  made any 
c a l c u l a t i o n s  similar t o  K u i p e r ' s 7 ,  n o r  t o  h a v e  made estimates 
o f  t h e  s i z e  d i s t r i b u t i o n s  o f  p a r t i c u l a t e  scatterers.  
Kuiper7)  l4 a l s o  p r o p o s e s  t h a t  t h e  h a z e  i s  caused  by 
s c a t t e r i n g  b u t  s u g g e s t s  a v e r y  low s u r f a c e  a l b e d o  t o  a c c o u n t  
f o r  t h e  low t o t a l  a l b e d o  o f  t h e  p l a n e t .  An obvious t es t  o f  
t h i s  po in t  wou ld  be  a d e t e r m i n a t i o n  o f  p l a n e t a r y  a l b e d o  d u r i n g  
a p e r i o d  of b l u e  c l e a r i n g .  It i s  i n t e r e s t i n g  t o  n o t e  i n  p a s s i n g  
t h a t  t h e  moon h a s  a n  u l t r a v i o l e t  a l b e d o  o n l y  s l i g h t l y  g r e a t e r  
t h a n   t h a t   o f  Mars;  0.066 vs. 0.052. The moon, o f   cou r se ,   has  
no  atmosphere t o  c o n t r i b u t e  t o  t h i s  low value.  The presence  
o f  a pure molecular  a tmosphere on the moon would lead to  an 
i n c r e a s e  i n  t h e  a l b e d o  d u e  t o  R a y l e i g h  s c a t t e r i n g .  
Seve ra l  a l t e rna t ive  theo r i e s  have  been  p roposed ,  bu t  i t  
appea r s  t ha t  t he  on ly  ones  wh ich  are t e n a b l e  are those which 
r e q u i r e   t r u e   a t m o s p h e r i c   a b s o r p t i o n  as w e l l  as s c a t t e r i n g .   P u r e  
a b s o r p t i o n  e x p l a i n s  t h e  low a l b e d o ,  b u t  h a s  o t h e r  d i f f i c u l t i e s .  
The work of  Kuiper7  , I 4 ,  Hess68, Goody6' and  o the r s  , p o i n t s  t o  
t h e  s c a t t e r i n g  by H 2 0  i ce  o r  C02 i ce  c r y s t a l s ,  a l m o s t  cer- 
t a i n l y  t h e  f o r m e r ,  w h i c h  o f f e r s  a p l a u s i b l e  e x p l a n a t i o n  f o r  
t h e  r a p i d  c l e a r i n g s  t h a t  are obtained;  namely,  by subl imat ion 
o f  t h e  p a r t i c l e s .  A p u r e  s c a t t e r i n g  l a y e r  w o u l d  i n c r e a s e  t h e  
a l b e d o  i n  t h e  b l u e ,  b u t  s u c h  a n  i n c r e a s e  w o u l d  b e  r e d u c e d  by t h e  
assumed absorpt ion which,  to  avoid l imb darkening,  must  not  be 
a b o v e   t h e   s c a t t e r i n g   l a y e r .  Limb darkening  i s  sometimes  observed, 
b u t  u s u a l l y  n o t ;  a l t h o u g h  some photographs show b r i g h t e n i n g  
fo l lowed by  darkening  a t  the  ex t reme l imb,  which  can  be  in te r -  
p r e t e d  ( f o l l o w i n g  H a r r i s 2 8 )  by a jud ic ious  combina t ion  o f  
s c a t t e r i n g  a n d  a b s o r p t i o n .  One p rob lem  wi th   abso rp t ion   t heo r i e s  
i s  t h e  s p e c i f i c a t i o n  o f  t h e  n a t u r e  o f  t he  abso rbe r ,  fo r  wh ich  
no conv inc ing   sugges t ion   has   been   pu t   fo rward .   I ce   c rys t a l s  do 
n o t  a b s o r b  a t  the   requi red   wavelength .   Absorp t ion   by   molecular  
spec ie s  has  been  sugges t ed ,  bu t  no t  obse rva t iona l ly  conf i rmed .  
Th i s  i s  a l s o  t h e  case f o r  a smoke made up  o f  ca rbon  pa r t i c l e s .  
The  work of  Sovie t  as t ronomers  has  been  d i rec ted  towards  
making estimates o f  t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  M a r t i a n  
a tmosphere .   8p ik7 '   has   a l so   worked   in   th i s   f ie ld ,   us ing   Sovie t  
e x p e r i m e n t a l   d a t a .   T h e s e   r e s u l t s  show t h a t  t h e r e  may be  con- 
t i n u o u s  a b s o r p t i o n  f r o m  t h e  r e d  t o  t h e  b l u e ,  n o t  j u s t  i n  t h e  
b l u e .   T h i s   a b s o r p t i o n   c o u l d   b e   d u e   t o   p a r t i c u l a t e   s c a t t e r i n g  
r a t h e r  t h a n  t r u e  a b s o r p t i o n ,  h o w e v e r ,  a n d  s e p a r a t i o n  of t h e  two 
i s  somewhat s u s p e c t  i n  S o v i e t  work because of  the  assumpt ions  
i n  t h e i r  t h e o r y .  T h i s  i s  t r u e  i n  8 p i k ' s  work as w e l l ,  b u t  t o  a 
lesser e x t e n t .  
The p u r e  a b s o r p t i o n  t h e o r y  h a s  o t h e r  d i f f i c u l t i e s  
b e s i d e s   t h e   s p e c i f i c a t i o n   o f   t h e   a b s o r b i n g   s u b s t a n c e .  The r a p i d  
c l e a r i n g  t h a t  i s  observed a t  times would be h a r d  t o  a c c o u n t  f o r  
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if this r equ i r ed  the  r emova l  of t h e  a b s o r b i n g  l a y e r  - a c o r r e -  
l a t i o n  o f  c l e a r i n g s  w i t h  o p p o s i t i o n  i s  improbable .   Also  pure 
abso rp t ion  can  on ly  p roduce  a da rken ing ,  no t  a loss i n  c o n t r a s t  
( H e s ~ ' ~ ) ~  The r e l a t i v e l y  s h a r p  c u t - o f f  a t  0.450g. i s  a l s o  
d i f f i c u l t   o   e x p l a i n .   K u i p e r ' s   t h e o r y   a l s o   h a s   d i f f i c u l t y  
w i t h  the s h a r p  c u t - o f f  i n  the b lue ;bu t ,  on the o the r  hand ,  r ead i ly  
e x p l a i n s  r a p i d  b l u e  c l e a r i n g .  
D o l l f u s ,  F ~ c a s ~ ~  and  co-workers   bel ieve t.hat the loss 
o f  v i s i b l e  d e t a i l  i n  t h e  b l u e  i s  p r i m a r i l y  d u e  t o  t h e  low s u r -  
f a c e  c o n t r a s t  a t  these  wave l , eng ths ,  t he re  be ing  on ly  a small 
amount of a t m o s p h e r i c   a e r o s o l  mat ter .  The so-c .a l led   b lue  
c l e a r i n g s  are t h e n  a t t r i b u t e d  t o  t h e  select.ive format , ion of  
c l o u d s   o v e r   t h e   l i g h t .  areas. Dol:LfusZ1' h a s  r e c e n t l y  made 
measurements on the albedo a t  t h e  p o l e  caps a t  va r ious  wave leng ths  
and ,  a l though  the  da t a  has  no t  ye t  been  p rope r ly  r educed ,  
b e l i e v e s  t h e  a b s o r p t i o n  t o  be small, c e r t a i n l y  much less than  
tha t  p roposed  by Opik. 
1 1  
Kellogg  and  Sagan7'  have  suggest.ed t h a t  i t  i s  p o s s i b l e  
t o  f i t  a model t o  the  su r face  and  a tmosphe re  of Mars unambig- 
uous ly  by  mapping t h e  i n t e n s i t y  a n d  p o l a r i z a t i o n  f r o m  v a r i o u s  
p a r t s   o f   t h e  d i sk  a t  several wave leng ths .   Th i s   sugges t ion   r e fe r s  
t o  a r e p o r t  by Sekera and Vieze describing vari .ous model atmo- 
s p h e r e s  t o  which the  da ta  would  be  ma. tched , thus  obta in ing  the 
cor rec t   a tmosphere .  The work  would  best.  be  accomplished from 
a s p a c e  p r o b e  t o  o b t a i n  the n e c e s s a r y  h igh  a .ngul .a r  reso lu t ion ,  
KuiperI4  discusses  similar  ideas  in  relation  to  work  in  the UV,
and  refers  to  Gehrels'  and Teska's7' UV pqlarization  measure- 
ments. 
Whatever  possible  combination of scattering  and  ab- 
sorption  is  responsible  for  the  blue  haze,  the  presence  of  this 
phenomenon will have  a  definite  effect  on  the  polarimetric ob- 
servations.  The  presence  of  absorption will lead  to  an  under- 
estimate of surface  pressure  if  the  absorption  extends  to  longer 
wavelengths.  Scattering  particles will have  the  reverse  effect. 
A combination of the  two will  produce  intermediate  results 
which will probably  be  wavelength-dependent. 
2.5 The Determination of Surface  Pressure  from 
-a - BO/B; 
The basic  technique  used  by  Dollfus5  in  his  determina- 
ti:on of the  Martian  surface  pressure  invoLves  the  separation of 
the  total  brightness of the  planet  into  a  surface  component  and 
an  atmospheric  component.  This  separation  arises  from  differ- 
ences in the  polarizing  properties of the  two  sources. A number 
of assumptions  as  to  the  composition  and  scattering  properties 
of both  the  atmosphere  and  surface  are  made,  and  several  impor- 
tant  sources of brightness  such  as  particulate  scattering  and 
forward  scattering of surface  reflected  radiation  are  neglected. 
The  separation of the  surface  and  atmospheric  contribu- 
tions  results  in  a  determination of B i / B i ;  the  ratio of the  atmo- 
spheric  brightness  in  the  center of the  disk of the  surface  bright- 
ness  in  the  center of the  disk.  Since  the  visible  surface  bright- 
ness is much  greater  than  the  visible  atmospheric  brightness, 
Dollfus  takes  the  total  brightness of the  planet,  determined  from 
independent  photometric  observations,  as  equal  to  the  surface 
brightness Bs and  obtains  an  absolute  value of B i  from  the  ratio 
B i / B ; .  Then,  assuming  that  the  entire  atmospheric  brightness is 
due  to  Rayleigh  scattering  by  an  atmosphere  possessing  the  same 
scattering  and  polarizing  properties  as ir, he  applies  simple 
R a y l e i g h  s c a t t e r i n g  t h e o r y  t o  y i e l d  t h e  number of molecules 
per  c m  -column, i n  t h e  c e n t e r  o f  t h e  d i s k ,  r e q u i r e d  t o  p r o d u c e  
the   a tmosphe r i c   b r igh tness  Bi. T h i s   v a l u e   a n d   t h e   g r a v i t a t i o n a l  
a c c e l e r a t i o n  on Mars y i e l d  t h e  s u r f a c e  p r e s s u r e  d i r e c t l y .  
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The p r e s s u r e  o b t a i n e d  i n  t h e  a b o v e  manner i s  necessa r -  
i l y  o n l y  a n  e s t i m a t e ,  s i n c e  o t h e r  c o n t r i b u t i o n s  t o  B i ,  such  as  
p a r t i c l e  s c a t t e r i n g ,  w i l l  y i e l d  l o w e r  p r e s s u r e  e s t i m a t e s  i n  t h e  
a b s e n c e   o f   a b s o r p t i o n .   D o l l f u s 5 ,   i n   h i s   o r i g i n a l  work s t a t e s  
t h a t  h i s  r e su l t  i s  in tended   on ly   as   an   o rder   o f   magni tude  
es t imate" .  
I 1  
The fo l lowing  i s  a r e p r o d u c t i o n  o f  D o l l f u s '  d e r i v a t i o n  
o f  s u r f a c e  p r e s s u r e  u s i n g  more r ecen t  va lues  o f  bo th  B i / B i  and 
pho tomet r i c  cons t an t s  28y61. The cor responding  resul ts  ob ta ined  
by D o l l f u s 5  a r e  shown i n  c l o s e d  b r a c k e t s  f o r  c o m p a r i s o n .  
The b r i g h t n e s s  B i  of an atmosphere of  t h i ckness  h (cm), 
i n  t h e  c e n t e r  o f  t h e  d i s k ,  s u b j e c t e d  t o  i l l u m i n a t i o n  E i s  given 
by 
B: = R.E. h (1 + e cos' V)  , 
where p i s  t h e  d e p o l a r i z a t i o n  f a c t o r  of  the  gas  and  V i s  t h e  
phase   angle .  A t  o p p o s i t i o n ,  V = 0,  so t h a t  
t 
B i = 1 + p  ' R.E.  h ,  ( B i M 2  R.E.  h 
80 where R i s  t h e   R a y l e i g h   s c a t t e r i n g   c o n s t a n t  , 
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i n  which , 8 1  
The - d i s c r e p a n c y  i n  t h e  term 
(p2 = 1 ) 2  appea r s  t o  be  a 
t y p o g r a p h i c a l  e r r o r .  
p = r e f r a c t i v e  i n d e x  of a i r  = 1.000293 p = 1.00029 
A = wavelength = 6200 1,Jr A = 6200 1 
n = molecules   per  cm3 = 2.687 x 10 , n = 2 . 9  x 10 
p = d e p o l a r i z a t i o n  f a c t o r  f o r  a i r  = 0.035.  p = 0.04 r 19 
Thus 
R = 4.29  x lo" cm '/ster, = 4 . 2  x lo" cm ' / s t e r  - - 
and t h e  b r i g h t n e s s  B i  becomes 
I 
B i  = 8.28 x lo" E .  h s t i l b .  I B i  = 8.4 x LO" E .  h s t i l b  I 
The i l l umina t ion  f rom the  Sun a t  1 AU i s  13.5 phots'' s o  t h a t  
a t  t h e  o r b i t  of Mars ( 1 . 5 2  AU f rom the  Sun)  the  i l lumina t ion  i s  
E =  13 '5  2 = 5.85  phots  
( 1 . 5 2 )  
and the  a tmosphe r i c  b r igh tness  becomes 
B i  = 4 . 8 4  x l o m 8  h  (cm) s t i l b .  
Us ing  the  co r rec t ed  va lue  o f  B i / B i  = 0.015 ( s e e  S e c t i o n  2.2 of 
t e x t )  a n d  o t h e r  p h o t o m e t r i c  d a t a 5  w h i c h  g i v e s  t h e  r a t i o  o f  t h e  
b r i g h t n e s s  o f  t h e  c e n t e r  o f  t h e  d i s k  Bg t o  t h a t  o f  t h e  e n t i r e  
0 
;k A l t h o u g h  D o l l f u s  r e f e r s  t o  a wavelength of 6100 A i n  h i s  p a p e r s ,  
he employed a wavelength of 6200 8, i n  h i s  c a l c u l a t i o n s  as i n  
h i s  work  on the planet  Mercury.  Because of  the wide band-  
wid ths  of t h e  f i l t e r s  employed, t h i s  d i f f e r e n c e  i s  no t  f e l t  
t o  be s i g n i f i c a n t ,  a n d  t h e  c a l c u l a t i o n s  i n  t h i s  r e p o r t  c o n s i d e r  
t h e  v a l u e  o f  6200 1. 
so the  equivalent  thickness of the  Martian  atmosphere  is, 
h (km) = 3.50 Bs (6200 8) stilb 
where Bs (6200 i) is  the  brightness, in stilbs , of the  disk of 
Mars  at 6200 1 2.2 opposition.  The  value of Bs (6200 i) is 
determined  photometrically  as  follows: 
Harris28gives  the  visual  magnitude of Mars,  corrected 
for  absorption  in  the Earth’s atmosphere,  as 
Since  a  star of magnitude  M = 0, outside  the  atmosphere, 
corresponds  to  2.65 x 10 -lo lumens/cm2, we have the  intensity 
of Md = -2.01 as LJ where 
2.01 = 2.5 log L$ 
2.65 x ’ 
or 
Ld = 1.69 x lo=” lumens/cm  2 . 
In  opposition,  the  solid  angle d subtended  by  Mars  from  the 
Earth  (Mars-Earth  distance = 0.52 Au) is 6 1  
= 6.04 x LO” ster , 
and  the  brightness Bs of the Martian  disk  is 
1.69 x 10’’ = 0.28 stilbs 3 




where Bs = Bs (5500 A) for  the  visual  magnitude. 
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For 6200 A this  becomes 
Bs (6200 i) = Bs  (5500 1) p (6200 ') 
p (5500 A) 
where p ( A )  is  the  monochromatic  albedo  of  the  disk.  de  Vaucouleurs 
gives p (5500 d) = 0.16 and  p (6200 b )  = 0.21 s o  that, 
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Bs  (6200 8) = 0.28 (m Oo2') = 0.368 stilb. 
The equivalent  thickness  of  the  Martian  atmosphere,  for  Bi/Bi 
= 0.015,  is  then 
hb (km) = 3.50 x 0.368 = 1.29  km. h$= 1.9 km for B~/B~=0.028 
The  thickness  he  of  the  Earth's  atmosphere is  7.99 km and  the 
surface  pressure P is 1013 mb. The  gravitational  pull gg on 
Mars  is  376  cm sec'2 and  that of the  Earth  is  g* = 980 cm  sec-2. 
Thus  the  Martian  pressure P g =  P, gghgis equal  to 
@ 
8 
Pa?= 1013 X 376 X 'm = 63 mb [ Pd = 90 mb  for B i / B i  = 0.028 I 
Alternate  Technique 
For comparison, we have formulated  ,the  problem in a 
slightly  different  manner. 
The brightness,  in  opposition,  of  an  atmosphere of thick- 
ness  h  containing  n  molecules  per  cm3 is 
B; = E 6(nh) p*, 
cos 0 
where d i s  the  Rayleigh  scattering  coefficient  per  molecule  and 
p (cos 0 )  = 1.5 is  the  Rayleigh  phase  func.ti.on  for  backscatter, 
6 1  A l l e n   g i v e s  
G-= 12877’ &2 ~ 
3 A4 
where X i s  the p o l a r i z a b i l i t y  o f  t h e  g a s .  The pressure ,   which  
i s  j u s t  t h e  w e i g h t  o f  t h e  m o l e c u l e s  a b o v e  a un i t  a r ea ,  can  be  
w r i t t e n  
P =  (nh)  M g 
AO 
Y 
where M i s  t h e  gram molecular  weight  o f  t h e  g a s ,  g i s  t h e  g r a v i -  
t a t i o n a l  a c c e l e r a t i o n  on  Mars and A. i s  Avogadros’  number.  Thus, 
We can w r i t e  B i  i n  t h e  form 
where  (Bo/Bo) i s  t h e  r a t i o  d e t e r m i n e d  f r o m  t h e  p o l a r i z a t i o n ,  
(Bi/Bs) i s  the p h o t o m e t r i c  b r i g h t n e s s  r a t i o  o f  t h e  c e n t e r  t o  t h e  
d isk  and  Bs i s  the  b r igh tness  o f  t he  d i sk  de t e rmined  pho to -  
m e t r i c a l l y .  By the d e f i n i t i o n  o f  p, the g e o m e t r i c a l  a l b e d o ,  81  
a s  
and the p r e s s u r e  c a n  b e  w r i t t e n  as r 
Bo Bo  i Note t h a t  t h e  s o l a r  f l u x  no P = ($)(e) +cl l o n g e r   e n t e r s  t h e  expres s ion .  S S F A o  P cos 
0 
For  6200 A ,  Al len gives  6’(C02) = 6 . 1 7  x 10 -27  cm , 61 2 
c ( N 2 )  = 2.72 x c m 2  and c ( a i r )  = 2.64 x 10 cm . With -27  2 
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t he   above   va lues   fo r  ( B i / B i ) ,  ( B i / E s ) ,  F, M y  g ,  p (cos  0 )  and 
*O , t h i s  g i v e s :  
P = 5 ,9  x 10 3. (mb) -27 M 
and  fo r  t he  gases  cons ide red  w e  have 
P ( a i r )  = 64.5 mb 
P (C02) = 42 mb 
P (N2) = 61.5 mb 
T h e s e  r e s u l t s  a r e  e s s e n t i a l l y  i n  a g r e e m e n t  w i t h  t h o s e  o f  D o l l f u s  
but  the  technique  more r e a d i l y  l e n d s  i t s e l f  t o  c a l c u l a t i o n .  
For  a mixture  of  two gases  i n  p ropor t ion  x of gas 1 t o  
(1-x) of  gas 2 ,  t h e  p r e s s u r e  i s  given by 
and for  an atmosphere of  1/3 C02 and 2/3 N2 the p r e s s u r e  i s  
e q u a l  t o  
P (1/3 C02 + 2/3 N 2 >  = 51 m b  e 
2.6 Musman's  Upper  Limit to a-leiKh - 
Scattering  Atmosphere  on  Mars 
P 
If,  in  the  absence of absorption,  one  assumes  that he 
entire  brightness  of  a  planet  is  due  to  Rayleigh  scattering  of 
sunlight  by  the  molecular  atmospheric  constituents,  then  the 
optical  thickness  of  atmosphere  required to produce  this  bright- 
ness  will  necessarily  by an upper  limit  as will the  corresponding 
pressure.  In  the UV, where  the  surface  albedo is low,  this 
upper  limit  may  be a  good  estimate.  Musman  matched  the  measured 
UV reflectivity of Mars  with  calculated  models of a  Rayleigh 
atmosphere  and  obtained  an  optical  thickness of 0 . 0 5 8  at 3 3 0 0  A. 
18 
0 
The  following  is  an  attempt  to  reproduce  Musman's work by match- 
ing  the  measured  reflectivity with Rayleigh  atmospheric  models 
calculated  by  Coulson . 83  
Work. 
8 4  G. de Vaucouleurs  measured  the  magnitude of Mars  photo- 
metrically  at 3 3 0 0  on 23 October 1958  (d= 2 1 " )  and  obtained 
a  magnitude  difference  mo = m$= -26 .93  when  reduced  to  unit 
distance  from  the  Earth  and  Sun.  Allen" (pa 1 4 4 )  gives  the 
dimensionless  reflectivity p f! (oc> of a  planet  as: 
log p f! (4 = 0.4 (mo - m8) + 2 log  (r n / R . >  
For  Mars  as  above; r n  = 1 and R.-" = ( 2 0 6 , 2 6 5 / & . 6 8 )  = 4.4 x 1.0 ~ 4 
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Thus , log  p (21")  = (0 .4)(-26.93)  + 2 log  (4 .4  X 10 4 
or 
= -10.77 + 8 + 1.287 = -1.485 
p 0 (21") = 0.0327 
For  a p e r f e c t l y  r e f l e c t i n g  L a m b e r t  s p h e r e ,  i n  o p p o s i t i o n ,  t h e  
Bond a lbedo  A = poq = 1 and q = 1..5,  t h u s  p = 2/3. The i l l um-  
ina t ion  f rom the p l a n e t  i s  p r o p o r t i o n a l  t o  t h e  a r e a  i l l u m i n a t e d  
[@ (d) = 2 (1 + cos  d ) , so  f o r  a phase angle  <= 21" w e  have 
0 (21")  = 9.688  and  po fl (21")  = 7 c.9688) = .645.  Thus the 
r e f l e c t i v i t y  o f  Mars i s  on ly  ey (100) = 5.06% t h a t  o f  a 
p e r f e c t l y   r e f l e c t i n g   L a m b e r t   s u r f a c e .  C o ~ l s o n ~ ~  g i v e s   t h e  
r e f l e c t a n c e  (Bond a lbedo)  o f  a planar  model  of t h e  E a r t h ' s  atmo- 
sphe re  (wi th  a comple t e ly  abso rb ing  su r face )  as A = 0.305 a t  
3300 A for   normal   inc idence .  The R a y l e i g h  s c a t t e r i n g  c r o s s  
s e c t i o n  f o r  a i r  i s  g iven  by  Allen" ( p .  88) as 
1 I 2 
0 0327 
0 
a i r  
Ci (3300 i) = 3.54 x 10 cm . -26 2 
The molecular   weight   o f  a i r  i s  M = 28,966 gm mole s o  t h a t  u n i t  
o p t i c a l  t h i c k n e s s  c o r r e s p o n d s  t o  
-1 
N = - = -  M 28.966 3 2 
= 1.36 x 10 gm/c.m 
bAo (3.54 x (6.02 x 10 23) 
o f  a i r  a t  3300  where A. i s  Avogadro's  number.  The o p t i c a l  
t h i c k n e s s  of the Earth 's  atmosphere a t  3300 i s  t h e n  
0 P (dyne cmW2) 1.013 x 1.0 6 
~ 3 3 0 0  A = ~~ - -"-.---I_ =: 0 ~ 762. 
Earth N (gm cm'2) g ( c m  s e c m 2 )  (1.,36 x 103)( .98  x l.03> 
Thus ,  the  Bond a lbedo  for  an  a tmosphere  o f  o p t i c . a l  t h i c k n e s s  
T of air at 3300 is: 
A=m Om305 = 0.400 T . 
The  Bond  albedo  is A = pq where q is a  factor  which  represents 
the  phase  law.  For  a  Lambert  surface  (perfect  diffuser) q = 1.5 
and  the  dimensionless  reflectivity p, for  optical  thickness  of 
air  at 3300 i, is 
P = q = "  A 0 * 4 0 0  T = 0.267 T . 
Thus , for  an  atmosphere with reflectivity  p = 0.0327  at  3300 iy 
we require 
T = " J = , m =  0*0327 0.1225 . 
Coulson's  treatment , however, is  for an  infinite  (horizontally) 83 
plane  parallel  atmosphere. 
If we consider  a  curved  atmosphere of thickness  h 
surrounding  a  planet of radius  r  which is  illuminated  by  parallel 
light,  the  effective  thickness  h' of atmosphere  (assuming  the 
atmosphere  to  be  optically  thin)  is  given by 
h' = $ h i  1 + 3x + 3x2 + (2x + 1) 3'2} Y 
(1 + x)2 
where x = r/h is  the  ratio of  the  planet's  radius  to  the  normal 
atmospheric  thickness,  and  h'  is  the  normal  thickness  which  the 
same  volume of planar  atmosphere  could  occupy  over  a  disk of 
radius  r.  Taking x = 200 we have  h' = 2.12.  Thus  a  planar 
atmosphere  2.12  times  the  normal  thickness of a  spherical 
atmosphere  around  a  planet  of  the  same  diameter  is  required to 
produce  the  same  intensity of scattered  light. The  normal 
optical  thickness of the  Martian  atmosphere  is  then 
which is  in  agreement  with  the  value  derived  by  Musman . 18 
Coulson2' feels  that  this  extrapolation of his  data  to  a 
spherical  atmosphere  is  an  oversimplification of the  problem 
because of the  optical  thickness of the  Martian  atmosphere 
in  the  ultraviolet. 
The  Rayleigh  scattering  coefficients  per  molecule  at 
0 
3300 A and  the  molecular  weights  of  air, N2 C02  and  Ar  at 
3300 are6' 
0 (air) = 3.54 x 10 cm , M = 28.966 
0 (N2) = 3.74 x 10 cm , M = 28.00 
0 (C02) = 8.43 x 10 cm , M = 44.00 




The  amounts (N = "-) of each  gas  required  to  produce  unit 
optical  thickness  at  3300 A are  therefore, 
M 
(s A. 0 
N (air) = 1.36 x 10 g/cm 
N (N2) = 1.24 x 10 g/cm 
N (C02) = 0.87 x 10 g/cm 
N (Ar) = 1.99 x 10 g/cm . 
3  2 
3  2 
3  2 
3 2 
The  pressure on Mars will then  be P (mb) = Ng T = 2.18 x N 
(mb) if  only  molecular  Rayleigh  scattering  is  involved.  For 
the  above  species, 
P (a i r )  = 29 .6  mb 
P (N2) = 27 mb 
P ( C 0 2 )  = 19 mb 
P ( A r )  = .43.5 mb 
The o p t i c a l  t h i c k n e s s r  = 0.058 i s  an upper l i m i t  i f  no ab- 
s o r p t i o n  t a k e s  p l a c e  s i n c e  t h e  i n c l u s i o n  o f  e i t h e r  s u r f a c e  re- 
f l e c t i o n  o r  s c a t t e r i n g  p a r t i c l e s  w o u l d  c o n t r i b u t e  t o  the observed 
b r i g h t n e s s .  
Al te rna te  Technique  
The g e o m e t r i c  a l b e d o  p i s  the r a t i o  o f  the average 85 - 
b r i g h t n e s s  o f  a p l a n e t  Bm a t  f u l l  p h a s e  t o  t ha t  o f  a p e r f e c t l y  
d i f f u s i n g  s u r f a c e  BL a t  the same d i s t ance  f rom the Sun and  normal 
t o  the i n c i d e n t  r a d i a t i o n  
Assuming the s u r f a c e  a l b e d o  t o  b e  z e r o ,  the b r i g h t n e s s  
o f  t h e  p l a n e t  i s  e q u a l  t o  t h e  b r i g h t n e s s  of i t s  atmosphere.  The 
b r i g h t n e s s ,  i n  o p p o s i t i o n ,  o f  a p l a n e  p a r a l l e l  a t m o s p h e r e  o f  
t h i c k n e s s  h '  c o n t a i n i n g  n molecules  Fer  cm3 and  i l l umina ted  by  
f l u x  E i s  
w h e r e C =  R a y l e i g h  s c a t t e r i n g  c r o s s  s e c t i o n  p e r  m o l e c u l e ,  a n d  
p (cos 0) = Rayleigh  phase  function  for  zero  phase  angle = 1.5. 
A spherical  atmosphere  of  normal  thickness  h  about  Mars.  produces 
the  same  scattering  as  a  parallel  atmosphere of thickness 
h' = 2.12  h (see above). Thus the.brightness in  opposition 
[p (cos 0) = 1.51. is 
- Bm = E G n ( 2 . 1 2  h) . -IT 
The brightness of a  perfectly  diffusing  surface  illuminated by 
flux E normal  to  the  surface is, by  definition , 85 
B L - ~ .  - E 
The geometric  albedo can then be written  as 
The  surface  pressure  on  Mars  resulting  from nh molecules  of 
molecular  weight  M  per cm -column  is 2 
where A. is  Avogadro's  number  and gzis the  gravitational 
acceleration  on  Mars = 376 cm  sec . G. de  Vaucouleurs -2   85  
gives  the  geometric  albedo  of  Mars  at 3300 as = 0 . 0 4 5  s o  
the  pressure  can  be written  as 
p (+I = d  ne ( 0 . 0 4 5 )  ( 3 7 6 )  M - 
cm ( 0 . 7 9 4 )   ( 6 . 0 2  x 
or 
P (mb) = 3 . 5 4  x 10 -26 M c -  - 
For C 0 2 ,  M = 44 gm mole-' and 5-= 8 . 4 3  x 10 -26 cm2  while for 
N2, M = 28 gm mole-' a n d C =  3 . 7 4  x 10 cm . The corresponding -26 2 
surface  pressures  are, 
and p ( N ~ )  = 26.6  
which  are in good  agreement  with  the  values P ( C 0 2 )  = 19 mb  and 
P ( N 2 )  = 27 mb  obtained by Musman. 
2.7 The  Effect  of  Particle  Scattering  on  Visible 
Pressure  Determinations 
The  atmospheric  brightness,  in  opposition,  at  the 
center of a  planetary  disk  due  to  simple  Rayleigh  scattering 
from  two  molecular  constituents  is 
B; = E. h p w d  (nl o1 + n2 cos 0 V 
where 
E is  the  incident  solar  flux, 
h is  the  atmospheric  thickness, 
p (cos 0) is  the  Rayleigh  phase  function  for 
opposition = 1.5, 
nl,n2 are  the  number of molecules  of  each  species 
per  unit  volume,  and 
01v,02v are  the  Rayleigh  scattering  coefficients  per 
molecule  for  each  species  in  the  visible (6200 i). 
The  atmospheric  brightness  at  the  center of the  disk 
3 2  due  to  particulate  scattering  is , in  opposition, 
B O  E Av2 v P 8 r 2  0 ’  
where 
hv is  the  wavelength of scattered  radiation (6200 i), 
&/is the  number of  particulate  scatterers  per cm - 2 
column,  and 
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i s  t h e  Mie s c a t t e r i n g  c o e f f i c i e n t  f o r  t h e  p a r t i c l e s  
i n  t h e  v i s i b l e  (6200 i) f o r  b a c k s c a t t e r .  
The s u r f a c e  p r e s s u r e  i s  g iven  by 
where M1, M2 a r e  t h e  gram molecular  weights  of  the  two  atmo- 
s p h e r i c   c o n s t i t u e n t s ,  The p res su re   can   t hus   be   wr i t t en  
4 - r  g X M1 + (I-X) M2 P =  A. p (cos  0 )  E x cy + (1-x) o2 v B; ' 1 
when the  gases  a re  mixed  in  p ropor t ion  x molecules  of  gas  1 t o  
(1-x) molecules  of  gas  2 .  
The obse rved  a tmosphe r i c  b r igh tness  Bi i n  t h e  c e n t e r  of 
t he  d i sk  can  be  expres sed  a s  
BO = BO + B O  = (B;/B;)~ ( B ; / B , ) ~  B~~ = (B;/B;)~ (B;/B~) p, , v -  E a m P 
where Bi = s u r f a c e  b r i g h t n e s s  a t  t h e  c e n t e r  o f  t h e  d i s k ,  
Bs = ave rage  su r face  b r igh tness ,  and  pv = v i s i b l e  g e o m e t r i c  
a lbedo.   Thus  the  pressure i s  g iven  by 
J 
The a p p l i c a t i o n  of t h i s  e q u a t i o n  i s  r e s t r i c t e d  t o  p a r t i c l e s  
s m a l l  e n o u g h  t h a t  t h e i r  p o l a r i z i n g  p r o p e r t i e s  a r e  s i m i l a r  t o  
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those of molecules so  that their  brightnesses are additive,  
I n  the  v is ib le  (6200 A ) ,  the  par t ic les  ( i f  i ce)  must be smaller 




2.8 The  Consequence of Atmospheric  Absorption 
On  Dollfus ' Results 
The  presence of absorption  in  the  Martian  atmosphere 
would  cause  Dollfus'  results  to  give  too  low  a  value  to  the  air 
mass. The  effect  can be  analyzed  fairly  simply. 
If V is  the  phase  angle  and 8 the  zenith  angle  then 
light  enters  the  atmosphere  at an angle (V - 8)  and  leaves  at 8 
(to  the  Earth). If T is  the  total  optical  depth of the  atmosphere 
then  the  ratio of the  brightness of the  atmosphere  in  the  presence 
of  absorption  to  the  brightness  when  there is no absorption  is 
where 
and 
s = sec (V - 8) + sec 8 
p = e  s .  -T 
Thus  the  true  brightness of the  Martian  atmosphere  is  the r - 
ciprocal of this  quantity  multiplied  by  the  apparent  brightness. 
Dollfus'  polarization  equation  should  now  read 
1 1  
deduced  the  same  correction  factor.  If  his  values  for  the 
absorption  are  used  then  the  value of this  factor  is  approximately 
1.5. There  are  several  reasons  for  doubling  the  validity of the 
absorption  figures  which 8pik gives  and  Dollfus  believes  that 
the  absorption  is  much  less  than  this (see  page 31 ) .  Con- 
sequently,  although  it  is  appreciated  that  the  presence of ab- 
sorption  in  the  Martian  atmosphere will increase  the  value f o r .  
the  pressure  deduced  from  polarimetric,  measurements,  it  is  not 
possible  to  place  a  reliable  figure on ite From the  brief  dis- 
cussion  on  the  blue  haze  it  appears  that  there is some  absorption 
present:  from  Dollfus'  remarks  the  absorption  is  fairly  small, 
appreciably  less  than  Opik's  values: hence  one  might  tentatively 
say  that the effect  on  the  pressure  measurement  is -20% (as 
opposed to 6pik's 50%) and  in  this  way  make  an  allowance  for  un- 
certainty.  This  has  been  done  in the error  given  for  the 
deduced  value of Ba/Bs  and  accounts  for  the  asymmetry 
in  the  error  figures. 
1 1  
2.9 "" The  Effect of  Particle  Scattering ""on  Ultraviolet 
Pressure  Determinations "P 
The average  brightness of the  atmosphere of Mars, due  to 
simple  Rayleigh  scattering by  two  molecular  atmospheric  con- 
stituents,  is 
where : 
E is  the  incident  solar  flux, 
h  is  the normal  thickness of atmosphere, 
p (cos 0 )  is  the  Rayleigh  phase  function  for 
opposition = 1,5, 
2.12 is  a  correction  factor  for  sphericity of the 
atmosphere, 
nl,n2  are  the  number of molecules per  unit volume  for 
the  two  constituents,  and 
0 ~ ~ , 6 ~ ~  are the Rayleigh  scattering  coefficients  per 
molecule  for  the  two  constituents. 
The  brightness  due  to  particulate  scattering3!is  given  by 
where 
Ab is the  wavelength of scattered  light (.3300 i), 
SJ" is  the  number  of  particulate  seattercrs  per  cm -2 
column , and 
i i s  t h e  Mie s c a t t e r i n g   c o e f f i c i e n t   f o r   b a c k s c a t t e r  
0 
f r o m  t h e s e  p a r t i c l e s  i n  t h e  u l t r a v i o l e t .  
The surface p r e s s u r e  i s  given by 
where M1,M2 a r e  t h e  gram molecular  weights  of  the  two c o n s t i t u e n t s .  
I f  t h e  two gases  are p r e s e n t  i n  p ropor t ion  such  tha t  n l  = n x 
and  n2 = n (1-x) , where n i s  t h e  t o t a l  number of  molecules  p e r  
u n i t  volume,  then, 
d  ne 47-r X M1 + (1-X) M2 
(+) cm = 2.12 A. p :cos 0 )  E [x o1 + (1-x) a2 b] Bm 
S i n c e  t h e  u l t r a v i o l e t  s u r f a c e  a l b e d o  o f  Mars i s  very low, we 
c a n  a s s u m e  t h a t  t h e  t o t a l  b r i g h t n e s s  o f  t h e  p l a n e t  BT i s  due 
t o  t h e  a t m o s p h e r e ,  i e e z ,  BT = Bm + B a Thus, 1.3 
P 
4 x X Ml + (I-X) M2 
(mb) = 2 . 1 2  A. p (cos 0 )  E 
L J 
where BL = b r i g h t n e s s  of an  equiva len t  Lamber t  sur face  = E/YT 




where  pb i s  t h e  g e o m e t r i c  a l b e d o  d e f i n e d  a s  t h e  r a t i o  of  t h e  
b r i g h t n e s s  o f  t h e  p l a n e t  t o  t h a t  of an equivalent  Lambert  
surface!5  For N p a r t i c l e s  p e r  cm -column suspended i n  an  atmo- 
sphere composed of  2/3 N 2  + 1 /3  C02, t h e  p r e s s u r e  i s  given by, 
2 
L J 
P e n n d ~ r f ~ ~  g i v e s  t h e  Mie s c a t t e r i n g  c o e f f i c i e n t  i b- 0:151 f o r  
backsca t te r   f rom 0 . 2 ~  d i a m e t e r   i c e   p a r t i c l e s  a t  3300 A .  The 




t h e  v i s i b l e  d e t e r m i n a t i o n  t o  20 mb, r e d u c e s  t h e  u l t r a v i o l e t  
d e t e r m i n a t i o n  t o  1 7 . 3  mb. 
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2,lO I__ The  Axreement " of  Vi s ib l e   and  ".e U1.traviolet .  
" Pressu re   De te rmina t ions  "" 
We have  p rev ious ly  (see Appendices 2 . 7  and 2 . 9 )  d e r i v e d  
the e x p r e s s i o n s  f o r  the s u r f a c e  p r e s s u r e  o n  Mars i n  terms o f  
the v i s i b l e  a n d  u l t r a v i o l e t  a l b e d o s ,  w i t h  c o n s i d e r a t i o n  g i v e n  
t o  p a r t i c u l a t e   s c a t t e r i n g .   B o t h   p r e s s u r e   e x p r e s s i o n s   c a n   b e  
e q u a t e d  s i n c e  t h e  p r e s s u r e  m u s t  be independent of t h e  waveI.engt:h 
of  o b s e r v a t i o n .  Assuming t h a t  a s i n g l e  p a r t i c l e  s i z e  a n d  t y p e  
i s  r e s p o n s i b l e  f o r  p a r t i c u l a t e  s c a t t e r i n g ,  w e  c a n  s o l v e  f o r  x, t h e  number of  p a r t i c l e s  p e r  crn2-colurnn r e q u i r e d  t o  b r i n g  
ha rmony .   Se t t i ng   t hese   expres s ions   equa l  w e  f i n d  t h a t   t h e  
p a r t i c l e  c o n c e n t r a t i o n  r e q u i r e d  i s  g i v e n  by 
S u b s t i t u t i n g  t h e  a b o v e  r e s u l t  f o r  f l i n   e i t h e r  o f  t h e  e x p r e s s i o n s  
f o r  surface p r e s s u r e  y i e l d s  a v a l u e  c o n s i s t e n t  w i t h  b o t h  s e t s  
of o b s e r v a t i o n s .  This p r e s s u r e  i s  g iven  by 
". 

The f a c t  t h a t  t h i s  r a t i o  i s  approx ima te ly  cons t an t  sugges t s  
t h a t  t h e  same c o m p a t i b l e  p r e s s u r e  e x i s t s  f o r  all p a r t i c l e  s i z e s  
(small  enough tha t  they  do n o t  a f f e c t  t h e  p o l a r i z a t i o n )  a n d  
t h e r e f o r e  f o r  a n y  d i s t r i b u t i o n  of  p a r t i c l e s  s i z e s  a l t h o u g h  t h e  
numbers o f  p a r t i c l e s  r e q u i r e d  f o r  c o m p a t i b i l i t y  v a r i e s  
Eva lua t ing  the  above  expres s ion ,wi th  the  va lues  o f  t he  
p a r a m e t e r s  g i v e n  e a r l i e r  a n d  i n  t h e  t e x t , g i v e s  a p r e s s u r e  o f  
P = 16 .8  mb 
v , b  
w h i c h  s a t i s f i e s  b o t h  t h e  v i s i b l e  a n d  u l t r a v i o l e t  d e t e r m i n a t i o n s .  
For 0 . 2 ~  d iameter  i ce  p a r t i c l e s  w e  r e q u i r e  
f l S  7 . 8  x 10 p e r  cm2-column f o r  c o m p a t i b i l i t y ,  8 
The c r i t e r i a  f o r  the app1icabi : l i t .y  of  t h e  weak l i n e  
model  depend  on the r e l a t i v e  i m p o r t a n c e  o f  t,he p r e s s u r e  a n d  
Lorentz   and  Doppler   half-widths  I n  F i g ,  A-6, t h e s e   h a l f -  
wid ths  are showin fo r  t empera tu res  f rom 1.00"K t o  300'K, a n d  f o r  
t o t a l   g a s   p r e s s u r e s   f r o m   o n e  t o  100 mb, The c .o l . l i s ion   'ha l f -wid th  
a t  STP was taken  as 0.10 cm-I' i n  o r d e r  t o  c o r r e s p o n d  w i t h  t h e  
v a l u e s  i n  KMS. A va lue  of 0.064 cmmL  has   been  measured  for  the 
151" C 0 2  band4', which, i f  a p p l i c a b l e  t o  the 5u3 bands,  would 
s h i f t  a l l  the c o l l i s i o n  h a l f - w i d t h s  down  by about. 3 5  p e r c e n t ,  
Although the ha l f -wid th  i s  n o t  p r e c i s e l y  known, t h e  g e n e r a l  
conclus ions   tha t   fo l . low  f rom  F ig .  A-6 a r e  no t  g rea r ly  dependen t  
on which v a l u e  of the half-widt.h is Gsed.  A t  t e m p e r a t u r e s   i n  
t h e  v i c i n i . t y  of  200"K, the L,orentz  and Doppler  Ral.f-.widt.hs are 
o f  the same o r d e r  o f  magmitude f o r  pressures of  approximat:ely 
60 mb t o  100 mb. However, i f  t h e  t .a ta l  p r e s s u r e  i s  as low as 
10 t o  20 mb, the Doppler  wid.t.h i s  about  four t o  f i v e  rimes t'he 
c o l l i s i o n   h a l f - w i d t h ,  
34 
I f  the weak l ine  approx ima t ion  ay r , l . i e s ,  rhe expres s ion  
f o r  the equ iva len t  w id th  :is t h e  same whether c .ol . l is ion or 
Doppler   b roadenhg i s  more impor t an t ,  For pressure   b roadened  
l i n e s ,  t h e  weak l l n e  a p p r o x i m a t i o n  f s  vai. id w.it .hin q percen t  f o r  
x = Su/27"b < 0.02q S%.m:il.ar'ly, r.he weak 'Line approximarim 34 - 
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Fig. A - 6  C 0 2  Lorentz and Doppler Line 
Half-Width vs. Temperature 
I 
i s  va l id  w i t h i n  q p e r c e n t  for pure ly  Doppier  broadened  l ines  
i f  xD = [an 2)4] (Su/bD) 5 21'2 q/50. The v a l u e s   o f  q f o r  
c o l l i s i o n  a n d  D o p p l e r  b r o a d e n e d  lines are  shown i n  F i g .  A-7 
f o r  p r e s s u r e s  u p  t o  100 mb, A t  200°K t.he weak l ine  approx ima t ion  
i s  v a l i d  w i t h i n  10 pe rcen t  fo r  Dopp le r  b roadened  l i nes  and  fo r  
c o l l i s i o n  b r o a d e n e d  l i n e s  a t  p r e s s u r e s  g r e a t e r  t h a n  a b o u t  40 mb. 
S ince  the ha l f -wid ths  shown i n  F i g .  A-6 i n d i c a t e  t ha t  the 
Doppler  width a t  200°K i s  _>.the c o l l . i s f o n  h a l f - w i d t . h  f o r  p r e s s u r e  
below 60 mb, the pure ly  Doppler  broadened  l ine  should ,  as 
suggested  by (,KMS), provide  an  upper  l i m . i t  f o r  t.he e f f e c t s  o f  
s a t u r a t i o n .   F u r t h e r m o r e ,   t h e   s a t u r a t i o n   s h o u l d   b e   s u f f i c i e n t l y  
small t h a t  the abundance obtained from .the weak l ine  approx ima t ion  
should  be i n  e r r o r  by no  more  than  about 10 percent.   Thus the 
abundance may be  the  o rde r  i o  p e r c m t  h:ig'her t han  was ob ta ined  
by  cons ider ing  the  combined  ef fec ts  o f  c-ol.I.fsion and Doppler 
broadening ,  A s  i n d i c a t e d  by KMS, t h i s  i s  cmven ien t : l . y  accom- 
p l i s h e d  w i t h  the a i d  o f  . tables given by Harris43, and the abun- 
dance  ob ta ined  in  th i s  manner  i s  7-1 /2  lpsrcent. bigher  t .han t .hat  
g iven  by the weak l i n e  a p p r o x i m a t i o n ,  
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Fig. A-7 Accuracy of Weak  Line  Approximation 
3 . 2  U n c e r t a i n t y   i n   t h e  GO2 Abundance 
The g e n e r a l  e x p r e s s i o n  f o r  t h e  r e l a i i v e  e r r o r  of a 
q u a n t i t y  N which i s  a f u n c t i o n  o f  v a r i a b l e s  u l ,  u 2  . . . . . . u i s  n '  
For the r e l a t ive  e r r o r  i n  t h e  C 0 2  abundance determined with t h e  
weak l i n e  a p p r o x i m a t i o n , t h i s  e x p r e s s i o n  becomes 
S ince  KMS sugges t  the upper  l i m i t  f o r  t h e  e q u i v a l e n t  w i d t h  of  
0 0 
3 . 8  m A i s  between 5 and 6 m A ,  a v a l u e  of  5 .5  m A was u s e d  f o r  
0 
the upper  l i m i t ,  and  assuming the u n c e r t a i n t y  i s  symmetrical 
about  the v a l u e  of 3 . 8  m A ,  the r e l a t ive  e r r o r  AW/W i s  about  0 , 9 0 .  
Although no  er ror  i s  a s s o c i a t e d  wi th  the i n t e L r a t e d  a b s o r p t i o n  
g iven  by  Rank e t  a l , ,  i t  i s  obvious  f rom the  da ta  shown i n  tha t  
paper and from similar measurements made on o t h e r  a b s o r p t i o n  
bands   t ha t  the  u n c e r t a i n t y  i s  n o t   n e g l i g i b l e .  It seems reasonab le  
t o  assume AS/S i s  a t  l eas t  0 , 1 0 ,  i , e , ,  the i n t e n s i t y  i s  a c c u r a t e  
0 
t o  + - 5 pe rcen t .  While the a i r  mass may i n  p r i n c i p l e  b e  p r e -  
c i s e l y  c a l c u l a t e d ,  the judgment  requi red  to  de t .e rmine  t h i s  v a l u e  
sugges t s  t he  accu racy  i s  no b e t t e r  t h a n  + C. :1.0 p e r c e n t .  If these 
r e l a t i v e  e r r o r s  a r e  i n s e r t e d  i n  Eq .  1 2 , 2 ) ,  t.he  resu1.t. i s  
I 
Aw/w = 1 . 2 ,  i . e . ,  t h e  re la t ive  e r ro r  i n  . t he  abundance  i s  on t h e  
o r d e r  of + - 60 p e r c e n t .  The C02 abundance a t  200°K can  then  be  
expres sed  as 43 + - 25 m-atm. 
An a n a l y s i s  o f  the e r r o r s  i n v o l v e d  i n  Owen's C02  abun- 
d a n c e  c a l c u l a t i o n  f o l l o w s  t h e  same method used i n  d e t e r m i n i n g  
the u n c e r t a i n t y  i n  the KMS abundance. I n  t h i s  case the r e l a t ive  
e r r o r , a c c o u n t i n g  o n l y  f o r  t h e  u n c e r t a i n t y  i n  the l a b o r a t o r y  
measurement and a + - 10 p e r c e n t   u n c e r t a i n t y   i n   t h e  a i r  mass, i s  
Aw/w = 0.57,  which i m p l i e s  t h a t  a t  200"K, w = 46 + - 13 m - a t m .  
The a d d i t i o n a l  + - 7 m - a t m  added by Owen t o   a c c o u n t   f o r   t h e  
t empera tu re  co r rec t ion  and  the q u e s t i o n  o f  o v e r l a p p i n g  r o t a t i o n a l  
l i n e s  i s  s u f f i c i e n t   a n d   t h e   e r r o r  estimate of  + - 20 m - a t m  i s  
probably  r ea l i s t i c .  However, s i n c e   t h e   f i n a l   v a l u e  i s  o b t a i n e d  
on  the  a s sumpt ion  tha t  ove r l app ing  does  occur ,  t he  unce r t a in ty  
i s  no  longer  symmetr ica l  and  th i s  va lue  should  probably  be  
g iven  as 46 (+15, - 2 0 )  m - a t m .  
The a s s ignmen t  o f  e r ro r s  t o  the  resu l t s  of Hans t  and 
Swan p roceeds  a long  the  same l i n e s  as f o r  t h e  o t h e r  two d e t e r -  
mina t ions .  These a u t h o r s   g i v e  20 p e r c e n t  as a ' ' conse rva t ive  
estimate" f o r  the p r o b a b l e  e r r o r  i n  t h e i r  m e a s u r e m e n t  o f  S which 
t h e y  a t t r i b u t e  p r i m a r i l y  t o  t h e  e r r o r  i n  m e a s u r i n g  areas and 
h e i g h t s  o f  t h e  a b s o r p t i o n  c u r v e s .  If w e  a c c e p t  a n  e r r o r  o f  
+ - 45% i n  the de te rmina t ion  o f  the e q u i v a l e n t   w i d t h s   o f  the C 0 2  
l i n e s  i n  t h e  M a r t i a n  s p e c t r u m ,  i t  seems necessa ry  t o  i n c r e a s e  
the Hanst and Swan f i g u r e   t o  a t  l eas t  - + 30% t o   a l l o w  f o r  t h e  
p o s s i b i l i t y  o f  a sys t ema t i c  e r ro r  i n  the  measu remen t  o f  t h e  
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continuum. We then   app ly  the a n a l y s i s   o u t l i n e d   a b o v e   t o   o b t a i n  . . ,  
the re la t ive  error i n  w ,  which i s  found t o  be + - 8.5%. The C02 
abundance a t  200°K i s  then   expres sed  as 2 1  + - 18 m-a tm.  
15? 
3 . 3  Uncer ta in=  of  the Mart . ian  Surface  Pressure 
4 For   S in ton ' s  2p C02 abso rp t ion   measu remen t s , t he   e r ro r  
i n c l u d e s  c o n t r i b u t i o n s  f r o m  the v a l u e  of: 1 .86  used to  compare 
M a r t i a n  a n d  t e l l u r i c  a b s o r p t i o n  a s  w e l l  a s  t h e  C02 abundance 
in  bo th  a tmosphe res ,  t he  p re s su re  in  the  Ea r th ' s  a tmosphe re ,  and  
t h e  a i r  mass f o r  t h e  t e l l u r i c  a t m o s p h e r e  t h a t  i s  a p p r o p r i a t e  f o r  t h e  
o b s e r v a t i o n s ,  An e s t i m a t e  of t h e   a c c u r a c y   f o r   t h i s   v a l u e  1 . 8 6  
was o b t a i n e d  d i r e c t l y  from S i n t o n ' s  d a t a  ( F i g .  A-8 ) by a least  
s q u a r e s  f i t  o f  a s t r a i g h t  l i n e  t o  h i s  o b s e r v a t i o n s ,  and a cal-  
c u l a t i o n  o f  t h e  p r o b a b l e  e r r o r  f o r  t h e  d e v i a t i o n  of  t he  obse r -  
v a t i o n s   f r o m   t h i s   s t r a t g h t   l i n e .  The resu l t s  s u g g e s t   t h a t  the 
r e l a t i v e  e r r o r  i n  t h i s  q u a n t i t y  i s  approximate ly  35 p e r c e n t .  
(There i s  a s l i g h t  i n c o n s i s t e n c y  h e r e ,  s i n c e  t h e  o t h e r  r e l a t i v e  
e r r o r s  were extreme l i m i t s ;  t h u s  t h e  r e s u l t i n g  u n c e r t a i n t y  w i l l  
be  somewhat lower  than i f  t h e  upper  l i m i t  were  used.)  It was 
shown a b o v e  t h a t  t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  M a r t i a n  C02 
abundance i s  approximate1.y + - 65 percent ,  and  i.f a modes t  f igure  
of 2 pe rcen t  i s  a s s u m e d  f o r  e a c h  o f  t h e  r e l a t i v e  e r r o r s  o f  t h e  
t e l l u r i c  a t m o s p h e r i c  p r e s s u r e ,  C02 abundance, an.d a i r  mass, t h e  
re la t ive  e r r o r   f o r   t h e   p r e s s u r e  i s  n p / p  = 1 . 8  o r  + - 90 p e r c e n t ,  
No e r r o r  . is i n c l u d e d  f o r  t h e  HBW f a c t o r  t h a t  a c c o u n t s  €or .the 
e f f e c t i v e n e s s  o f  s e l f - b r o a d e n i n g ,  b u t  i n  t h i s  c a s e  t h a t  e r r o r  
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Absorption of 2 . 0 6 ~  C02  Bands  from S in ton  (Ref. 45)  
I 
b e l i e v e d  t h a t  t h e  e r r o r s  a s s u m e d  f o r  the t e l l u r i c  p r e s s u r e ,  
C02 abundance,  and a i r  mass are low, so that  th i s  re la t ive 
e r r o r  i s  c o n s e r v a t i v e .  
It i s  not  comple te ly  obvious  that  the t empera tu re  
dependence o f  t,he r o t a t i o n a l  l i n e  i n t e n s i t y  s h o u l d  b e  o m i t t e d  
i n   t h i s   c a l c u l a t i o n .   S i n t o n ' s   s t a t e m e n t   t h a t  the Mar t ian   absorp-  
t i o n  i s  e q u i v a l e n t  t o  a n  i n c r e a s e  o f  1 . 8 6  t e l l u r i c  a i r  masses 
refers t o  the band   cen te r   and   no t  the e n t i r e  band. If  the 
Boltzmann - f a c t o r  were inc luded ,  t he  p re s su res  wou ld  be  r educed  
by a t  mos t  e igh t  pe rcen t .  
b) The  same a n a 1 y s i . s   a p p l i e d   t o  t h e   p r e s s u r e   o b t a i n e d  by 
compar i son  o f  Ku ipe r ' s  Mar t i an  spec t r a  and  l abora to ry  spec t r a  
r e q u i r e s  an  a d d i t i o n a l  estimate f o r  t h e  e r r o r  a s s o c i a t e d  w i t h  
t h e  HBW d e t e r m i n a t i o n  of  t h e  r e l a t i v e  e f f ec t  o f  C 0 2  s e l f -  
broadening  and  ni t rogen  gas   broadening.   Al . though a c o r r e c t i o n  
f o r  t h i s  e f f e c t  i s  made i n  a l l  t h r e e  p r e s s u r e  d e t e r m i n a t i o n s ,  
i n  t h e  o t h e r  two cases t h e  e r r o r  a s s o c . i a t e d  w i t h  t h i s  q u a n t i t y  
i s  n e g l i g i b l e .  However, i n  t h i s  case t h e   e f f e c t i v e   M a r t i a n  
p r e s s u r e  i s  d i r e c t 1 . y  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e n e s s  o f  
s e l f - b r o a d e n i n g ,  a n d  t h e  u n c e r t a i n t y  i n  t h i s  q u a n t i t y  i s  
d i r e c t l y  r e f l e c t e d  i n  t h e  f i n a l  v a l u e  f o r  s u r f a c e  p r e s s u r e .  
d Kuipe r ' s  2~ C 0 2  e q u i v a l e n t   w i d t h s ,   F o r  th is  c a l c u l a t i o n  
t h e  o n l y  known e r r o r  c o n t r i b u t i o n  i s  f o r  t h e  V a r t i a n  C 0 2  
abundance.  The  following estimates o f  the e r r o r s  are  c o n s i d e r e d  
c o n s e r v a t i v e  a n d  were u s e d  t o  e v a l u a t e  t h e  u n c e r t a i n t y  o f  t h e  
d e r i v e d  v a l u e  of t h e  M a r t i a n  s u r f a c e  p r e s s u r e .  
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1) Mar t ian  C 0 2  h m d a n c e  + - 65% 
2) Mar t ian  a i r  mass + 10% 
3)  T e l l u r i c  C02 abundance + - 1% 
4 )  T e l l u r i c  a i r  mass + 1% 
5) T e l l u r i c   a t m o s p h e r i c  
p r e s s u r e  + 1% 
6)  Mar t i an   equ iva len t   w id th  + 5% 






3 . 4  The General  Behavior  of  Absorption as a 
Func t ion  o f  P res su re  and  Op t i ca l  Dens i ty  
Some i n s i g h t  i n t o  t h e  s i g n i f i c a n c e  o f  t h e  r e s u l t s  i n  
t h i s  r e p o r t  c a n  b e  g a i n e d  by cons ide r ing  the  gene ra l  behav i ,o r  
o f  a b s o r p t i o n  as a f u n c t i o n  of p r e s s u r e  a n d  o p t i c a l  d e n s i t y .  
To f a c i l i t a t e  t h i s  d i s c u s s i o n ,  a p l o t  o f  a b s o r p t i o n  vs. a 
q u a n t i t y  p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  p r e s s u r e  times o p t i c a l  
dens i ty  f rom a paper  of  G.  N.  Plass5' i s  r ep roduced  in  F ig .  A-9. 
I n  P l a s s '  n o t a t i o n ,  p = 2Tb/d  and x = Su/2rb, where b i s  t h e  
l i n e  h a l f - w i d t h ,  d i s  t h e  l i n e  s p a c i n g ,  S i s  t h e  r o t a t i o n a l  
l i n e  i n t e n s i t y ,  a n d  u i s  t h e  o p t i c a l  d e n s i t y  o f  t h e  a b s o r b i n g  
gas .  The q u a n t i t y  8' x i s  p r o p o r t i o n a l  t o  pu because   o f   the  
dependence   of   l ine   ha l f -wid th  on t h e   p r e s s u r e .  The c u r v e s   f o r  
c o n s t a n t  p r e s s u r e  a r e  r e p r e s e n t e d  by p = cons tan t ,  and  fo r  con-  
s t a n t  o p t i c a l  d e n s i t y  by @ x = c o n s t a n t .  
The a b s o r p t i o n  i n c r e a s e s  l i n e a r l y  w i t h  o p t i c a l  d e n s i t y  
u n t i l  a b s o r p t i o n  i s  n e a r l y  c o m p l e t e  n e a r  t h e  c e n t e r s  o f  t h e  
s t r o n g e s t   s p e c t r a l   l i n e s .  A s  o p t i c a l   d e n s i t y  i s  f u r t h e r   i n -  
c r e a s e d ,  a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  
o p t i c a l   d e n s i t y .   F o r   v e r y   l a r g e   o p t i c a l   d e n s i t i e s   t h e   s p e c t r a l  
l i n e s  b e g i n  t o  o v e r l a p ,  a b s o r p t i o n  i n c r e a s e s  v e r y  s l o w l y  w i t h  
o p t i c a l   d e n s i t y ,   a n d   e v e n t u a l l y  becomes complete.  A t  low 
p r e s s u r e s  a b s o r p t i o n  i n c r e a s e s  as t h e  s q u a r e  r o o t  o f  t h e  
p r e s s u r e .  A s  t h e   p r e s s u r e   i n c r e a s e s ,   t h e   s p e c t r a l   l i n e s  are 
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sufficiently  broadened so that  absorption  is  no  longer  complete 
at  the  line centers,  and  absorption  increases  as  a  smaller 
power of pressure.  At a high  pressure,  which is  determined  by 
the  number  of  absorbing  molecules  and  the  distance  between 
spectral  lines,  the  absorption  is  independent of pressure.'  In 
general  the  absorption  does not'vary as rapidly  with  pressure 
as it  does with  optical  density. 
3 . 5  Mart ian   Sur face   Pressure   Determined  with 
the Square Root Approximation and the 
Pressure  Dependent  Ext rapola t ion  
The e q u i v a l e n t  w i d t h s  c o r r e s p o n d i n g  t o  M a r t i a n  C 0 2 .  
abundances were determined by a s suming  the  equ iva len t  w id ths  
are i n  t h e  s q u a r e  r o o t  r e g i o n ,  f o r  w h i c h  A l og  W = 0.217 In  ul /uo,  
where u1 i s  the abundance on Mars and uo i s  the abundance from 
w h i c h   t h e   e x t r a p o l a t i o n  i s  made,  For  the 100 p e r c e n t  C02,  t h e  
p o i n t s  f o r  150 m - a t m  f a l l  a p p r o x i m a t e l y  on t h e  c u r v e  g i v e n  i n  
the (OK) paper  (Fig.A-lO).Although a s l i g h t l y  d i f f e r e n t  l i n e  
cou ld  be  drawn t h r o u g h  t h e s e  p o i n t s ,  no s i g n i f i c a n t  c h a n g e  i n  
p re s su re   wou ld   r e su l t .   However , fo r   t he  10 p e r c e n t  C02 and 25 
p e r c e n t  C02, t h e  p o i n t s  d e d u c e d  i n  t h i s  same manner  do n o t  f a l l  
on   the   curves   g iven  by ( O K ) .  For   the  25 p e r c e n t  C02 t h e r e  i s  
f a i r  agreement a t  t h e  h i g h e r  p r e s s u r e s ,  a n d  i t  i s  conce ivab le  
t h a t  some c o r r e c t i o n  was  made a t  l ower  p re s su res  on  the  assump- 
t i o n  t h a t  t h e  a b s o r p t i o n  was no t  on  the  squa re  roo t  po r t ion  o f  
t h e  c u r v e ,  The e x t r a p o l a t e d  v a l u e s  o f  e q u i v a l e n t  w i d t h  f o r  t h e  
10 p e r c e n t  C02 a re  even  fu r the r  f rom the  cu rve  g iven  by (OK).  
From t h e  comments i n  t h e  p a p e r ,  i t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  
how the a u t h o r s  a r r i v e d  a t  t h e i r  p u b l i s h e d  v a l u e s  f o r  t h e  c u r v e s  
r e p r e s e n t i n g   t h e   M a r t i a n  C 0 2  abundance .   Al though  the   de ta i l s  
o f  t he  me thod  a re  no t  ava i l ab le ,  i t  has  been  s t a t ed4’  tha t  some 
adjus tment  was made t o  a c c o u n t  f o r  t h e  fact  t h a t  the squa re  
roo t  approx ima t ion  does  no t  appea r  t o  be  va l id  in  the p r e s s u r e  
r e g i o n  o f  in te res t  ( -  20 mb). 
The r e s u l t s  o b t a i n e d  with t h e  p r e s s u r e  d e p e n d e n t  e x t r a -  
p o l a t i o n  are shown i n   F i g u r e  A-11. For 100% C 0 2  the s q u a r e  
roo t  approx ima t ion  y i e lds  approx ima te ly  the  same cu rve  g iven  
by ( O K ) ,  a n d   a n   e f f e c t i v e   p r e s s u r e   o f  4.8 mb. However, i f  
the  pressure  dependence  of  A l o g  W i s  c o n s i d e r e d ,  t h e  e f f e c t i v e  
p r e s s u r e  i s  6.7 mb, which  impl ies  a s u r f a c e  p r e s s u r e  o f  1 3 . 4  mb 
a s  compared to   t he   9 .6  mb g iven  by (OK).  The e q u i v a l e n t   w i d t h  
d a t a  f o r  10 p e r c e n t  C 0 2  and 25 p e r c e n t  C 0 2  a r e  somewhat  more 
d i f f i c u l t  t o  a n a l y z e  i n  t h i s  m a n n e r ,  b e c a u s e  i t  i s  n o t  c l ea r  
e x a c t l y  how (OK) a r r i v e d  a t  t h e  c u r v e s  t h a t  c o r r e s p o n d  t o  t h e  
Mart ian abundance,  and there  i s  no  expe r imen ta l  da t a  tha t  wou ld  
i n d i c a t e  the equ iva len t  w id th  dependence  on  op t i ca l  dens i ty  
fo r   p re s su res   l ower   t han  20 mb. For   t he  25 p e r c e n t  C 0 2  gas  
m i x t u r e ,  t h r e e  v a l u e s  o f  s u r f a c e  p r e s s u r e  c a n  b e  o b t a i n e d :  
(1). the   cu rve  i n  (OK) y i e l d s  16 mb, (2) t h e  s q u a r e  r o o t  e x t r a -  
p o l a t i o n  g i v e s  1 2  mb, and ( 3 )  t h e  p r e s s u r e  d e p e n d e n t  e x t r a p o l a t i o n  
y i e l d s  14 mb. For   the 10 p e r c e n t  C 0 2  , t h e  (OK) c u r v e   g i v e s  
19 mb, while a s u r f a c e  p r e s s u r e  as h i g h  as 24 mb might be ob- 
t a i n e d  f r o m  t h e  p r e s s u r e  d e p e n d e n t  c a l c u l a t i o n .  
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3 . 6   U n c e r t a i n t i e s   i n   t h e   P r e s s u r e   D e r i v a t i o n  
of  Moroz 
Moroz' o r i g i n a l  d e r i v a t i o n  o f  r e l a t i o n s  b e t w e e n  u and 
p based on t h e  a b s o r p t i o n  s t r e n g t h s  of  two o f  t h e  M a r t i a n  C 0 2  
bands and the Elsasser band  model l e d  t o  t h e  f o l l o w i n g  r e s u l t s :  
1 . 6 ~  band  up = 170 + - 40 
2 . 0 6 ~  band  up = 184 + - 20 
From t h e s e  numbers he adopted a mean o f  up = 175 and used the 
KMS v a l u e  f o r  u = 55 + 20 m-atm = 11 + 4 gm/cm . I f  one  assumes 2 - - 
t h a t  Moroz s e t  up = 175 + - 30 and then computed the l imits f o r  
these  numbers ,  one  obta ins  
( l o w e r  l i m i t )  p = 1 = 10 mb 




which i s  c o n s i s t e n t   w i t h   h i s   r e s u l t   o f  p = 15 i f  o n e   f u r t h e r  
assumes  that   he   has   rounded  off  175 t o  1 5  ( r a t h e r  t h a n  1 6 ) .  
These  a s sumpt ions  appea r  t o  be  r easonab le  p rocedures  to  be 
f o l l o w e d  w i t h  t h e  a v a i l a b l e  material. Moroz r e l i e d  on a v a l u e  
o f  t h e  NTP ha l f  w id th  ob ta ined  f rom K a ~ l a n ~ ~ ,  which w e  v e r i f i e d  
i n  t h e  w o r k   o f   G 0 1 d b e r g ~ ~   a n d  Goody5'. F i n a l l y ,  t h e  v a l u e  
Moroz u s e d  f o r  t h e  s p a c i n g  o f  t h e  r o t a t i o n a l  l i n e s  i n  t h e  
E l s a s s e r  model was checked against  measurements  of  the t e l l u r i c  
1 . 6 ~  C 0 2  band6'. We have shown t h a t  a b e t t e r  v a l u e  f o r  t h e  
t e l l u r i c  C 0 2  abundance and the inclusion of  a tempera ture  
c o r r e c t i o n  i n  y l e a d  t o  va lues  o f  P which are lower than the 
168 
v a l u e  g i v e n  by Moroz by an amount which depends on the adopted 
v a l u e  of u. We d i d  n o t  u s e  t h e  same t echn ique  a s  Moroz i n  
app ly ing  the  Elsasser model t o  t h e  o b s e r v a t i o n s  s i n c e  w e  
r e l i e d  o n  t a b l e s  of the  e s sen t i a l  pa rame te r s  compi l ed  by 
K a ~ l a n ~ ~  and Wark and Walk? The unce r t a in ty  canno t  be  any  
less t h a n  t h e  amount g iven  by Moroz s i n c e  o u r  r e s u l t s  r e l y  o n  
t h e  same o b s e r v a t i o n a l   d a t a .  On t h i s  b a s i s  w e  f i n d  
a )  u = 55 m-atm 
P = 8 -3  mb +8 
b )  u = 45 m - a t m  
It i s  n o t  p o s s i b l e  t o  c h e c k  t h e  u n c e r t a i n t i e s  Moroz 
a s s i g n s  t o  h i s  d e r i v a t i o n s  of t h e  r e l a t i o n s  f o r  ( u p )  w i t h o u t  
r e p e a t i n g   t h e   t e c h n i q u e  as h e   d i d  i t .  This   p rocedure  w a s  ex- 
c luded  by l a c k  of a v a i l a b l e  time. A s  a n  a l t e r n a t i v e ,  w e  have 
c o n s i d e r e d  t h e  e x t r e m e  v a l u e s  c o r r e s p o n d i n g  t o  h i s  c a l c u l a t i o n s  
a s   r e p r e s e n t i n g   t h e   w o r s t   p o s s i b l e   c a s e .   I n   a d d i t i o n ,  w e  have 
added   an   unce r t a in ty  of + - 0.02 t o   h i s   v a l u e  of t h e   a b s o r p t i o n ,  
A ,  (based on measurements made by C ~ u r t o y ~ ~ )   t o  accoun t  fo r  a 
+ - 1 5 %   u n c e r t a i n t y   i n   t h e  band ha l f -wid th   and   an   equa l   unce r t a in ty  
i n  t h e  m e a s u r e d  e q u i v a l e n t  w i d t h .  C o r r e c t i n g  A f o r  t h e  l o w e r  
t empera tu re  an t i c ipa t ed  in  the  Mar t i an  a tmosphe re  w e  have 
A = 0.08 - + .02. If w e  then adopt  the lower abundance (45 m-atm) 
as be ing  most p r o b a b l e ,  o u r  f i n a l  r e v i s e d  value becomes 
P = 13 -8 +25 
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It should be stressed that these  error  limits  are less well 
determined  than  those  given  for  the KMS and OK papers  and  thus 
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